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INVESTIGATION OF T_!!E TENSOR ANALYZING POWERAyy 
IN THE REACTION A(d ,p)X 
AT LARGE TRANSVERSE MOMENTA OF PROTON 

S. V.Afanasiev 1
, V. V.Arkhipov 1

, L.S.Azhgire/, Yu.T.Borzunov 1
, 

E. V.Chernykh 1
, L.B.Golovanov 1

, G.Filippov 1
,4, A.Yu.Isupov, 

V.A.Kashirin 1, A.N.Khrenov 1
, V.l.Kolesnikov 1

{ V.P.Ladygin 1, N.B.Ladygina 1
, 

A.G.Litvinenko 1
{ A.I.Malakhov 1

, I.I.Migulina ,. V.N.Penev 1
:
4
, S.G.Reznikov 1

, 
. I I I 2 P.A.Rukoyatkzn , A. Yu.Semenov , I.A.Semenova , V.I.Sharov , G.D.Stoletov , 

A.P. Tzvinev 1, N.P. Yudin 3, S.A.Zaporozhets 1, V.N.Zhmyrov2
, L.S.Zolin .1 

An experiment on the studying of the tensor analyzing power An in the reaction 
~ . . 

A(d , p)X at large transverse momenta of proton using a polarized deuteron beam of LHE 
accelerator complex has been proposed. These measurements could provide the valuable 
information on the spin structure of the deuteron at short distances . The estimation of the beam 
request for SPHERE set-up is performed. 

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

licCJie~ouauHe TeHJopuou auaJIH3Hpyromeu cnoco6uocTH Ayy 
~ 

B peaKUHH A(d ,p)X npH 6oJILUIHX nonepe'IHLIX HMnynLcax npoToHa 

C.B.AtjJanacbe6 u op. 

npellJIO~H 3KcnepHMeHT no H3Y'JeHHJO TeH30pHofi aHanHJHPYJOillefi cnoco6HOCTH AYY s 

peaKUHH A(d, p)X npH 60JJblliHX nonepe'IHbiX HMnyJJbcax npOTOHa Ha nOJJllpH30BaHHOM fiY'JKe 
YCKOpHTeJJbHOro KOMnJJeKCa fl83. 3TH H3MepeHHll MOrJJH 6bi LtaTb Ba)I(HYJO HHcjJOpMaUHIO 0 
cnHHOBOH CTPYKType LtefiTpOHa Ha MaTibiX paCCTOJIHHJIX. npoBeLteHbl oueHKH Heo6XOLtHMOro 
llJlll 3KcnepHMeHTa speMeHH c HcnOJJbJOBaHHeM ycTaHOBKH CC!>EPA. 

Pa6oTa BbinOJJHeHa B na6opaTopHH BbiCOKHX 3Heprnfi OYUIH. 

I . Motivation 

During the last few decades the deuteron structure has been the subject of extensive 
experimental and theoretical work. Considerable amount of data in the inclusive deuteron 
breakup with the emission of the proton at zero angle, A(d, p)X, and deuteron-proton elastic 

1LHE, JINR, Dubna, 1414980 Moscow Region, Russia 
2LNP, JINR, Dubna, 141980 Moscow Region, Russia 
3MSU, Moscow, Russia 
4INPNE, 1784 Sofia, Bulgaria 
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scattering at 180°, p(d, p)d. reactions were accumulated [I]-[ 14] in order to obtain the 
reliable information concerning the behaviour of the deuteron wave function (DWF) at 
short distances between nucleons. 

The measurements of the cross section of the inclusive breakup A(d, p)X reaction with 
the proton emitted at zero angle at different A initial energies and for different values of the 
target [ 1]-[ 4] have shown the deviation from the calculations performed within IA using 
standard deuteron wave fun ctions, especially in the vicinity of the intrinsic momenta of the 
proton in the deuteron k- 0 .3 GeY/c, where a relatively broad shoulder is observed. This 
structure was explained by Kobushkin and Yizireva by the additional contribution of the 

exotic I6Q) configuration n the deuteron wave function [ 15], and by other authors taking 
into account the mechanisms with the virtual pion production [ 16, 17, 18]. 

The other important point is the dependence of the cross section shape on the atomic 
value of the target A observed at all energies: at k :2: 150 MeV/c the ratio of breakup cross 
sections on carbon and hydrogen is about a factor of 3.5 in comparison with a factor of -5.6 

following from the power dependence A 213 at half of momentum of the proton (Fig. Ia) . 
Measurements of the tensor analyzing power T

20 
[3,4,5] performed at Saclay and 

Dubna have demonstrated the strong deviation from the lA predictions at k :2:0.2 GeV/c. 
Recent measurements of the tensor analyzing power up to k- I GeY/c performed by two 
Dubna groups on carbon [6 ] and on proton and carbon [7] also have shown the dependence 
on the A value of the target at k :2:0 .20 GeY/c (see Fig . I b) . These new data demonstrate the 
trend to achieve the constant asymptotic value predicted by the QCD motivated model [19], 
but the <<experimental » asy mptotic values are different for the carbon and hydrogen target. 

The behaviour of the spin transfer coefficient from vector polarized deuteron to proton 
K

0 
[ 8, 9,10 I disagrees with the calculations using standard deuteron wave functions at 

k :2:0.2 GeY/c . One cannot give the definite conclusion about A dependence of K
0 

because 
. . 

of large error bars for Dubna data, taken on carbon target. 
Breakup data on cross -;ection, T

20
, K

0 
demonstrate in the first approximation the inde-

pendence from the initial energy, what gives the possibility to consider the k as the appro­
ximate scaling variable. On the other hand, the A dependence of the cross section shape and 
T20-value demonstrate that the additional to lA mechanisms (virtual 1t production 

[ 16,17,18]) may be important in this kinematics . 
The backward elastic ;.cattering dp ~ pd at medium and high energies is one of the 

simplest processes with the large momentum transfer and ,therefore, can be used to study 
the high-momentum tail of the DWF. 

The experimental data on the differential cross section of the dp ~ pd reaction [ 12] 
show a sharp peak at 9- 180° in the center of mass. On the other hand, the differential 
cross section at e - 180° demonstrates the strong energy dependence and an enhancement 
in vicinity of the t.-isobar excitation. This resonant-like energy dependence of the cross 
section could not be explained by the pole mechanism only. The cross section of the 
dp ~ pd process was calcu lated in the framework of the two-step model in which the cross 

section of the dp backward elastic scattering is expressed in terms of the pp ~ d1t+ cross 
section [20,21] . Calculations of Kolybasov and Smorodinskaya [22] taking into account 
D-state and relativistic corrections are in satisfactory agreement with the cross section data. 
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Above the .:1-isobar excitation region the data on the backw rd elastic scattering are 

described in the framework of ONE mechanism in the light-front dynamics [23]. 

Measurements of T20 [ 13, 14] and K0 [ 13] for dp elastic scattering have shown the 

·deviation from the ONE predictions, as well as from the behaviour of T
20 

and K
0 

in 
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: c) the predictions of Kochelev for 

D.cr1_ in the NP total cross section. 

deuteron breakup at large k. which is not explained yet theoretically. Calculation with the 

inclusion of the additional components of the deuteron wave function [ 15,24,25 ,26,27] as 
well as considering of the mechanisms additional to ONE [ 18,28,29] cannot explain the 

observed features of the experimental data in deuteron breakup and dp backward elastic 
scattering. 
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It seems, the observed structures in the behaviour of T
20 

in dp background elastic 

scattering are not related with the deuteron structure. In Fig .2 we present T
20 

[ 13,14], 

analyzing power AyO at 90° in the center of mass for pp ~ dn+ process (30], and the 

prediction of Kochelev for C!.a L [31] 1 in np interaction versus energy of NN pair in the 

center of mass, €. One can see the correlation between the str ctures in the behavior of 

T
20 

and the structures at {S- 2.14, 2.4 and 2. 7 Ge V /c in pp ~ dn+ process [30] and NN 

scattering. These structures are predicted in the quark and in stanton models [31 ,32]. 

In principle, the using of the polarized target and polarimeter could allow one to 
measure a number of additional observables in the deuteron breakup and dp scattering at 
180° [33]. The complete experiment on the full determination f the amlitudes of the dp 
backward scattering process requires the measurements of 10 observables [34] and is im­
possible to be realized at LHE Accelerator Complex a~ the mom nt.. 

Thus one can see that the additional to the simple lA (in case of A(d, p)X at zero angle) 
and ONE (in case of the dp backward elastic scattering) mecha nisms are important and, 
therefore, the extraction of the information on the deuteron str cture is difficult. In this 
relation we should like to attract attention to another way of in estigation of short range 
deuteron structure. 

This is (apart from the exclusive experiments) the measu rements of the deuteron 
inclusive breakup with the emission of the proton at large transv rse momenta. 

Measurements of the momentum spectra of protons at emissi n angles of I 03, 139 and 
157 mrad in the deuteron inclusive breakup reaction on hydrogen, deuterium and carbon 
targets at 9 Ge V /c (35] have demonstrated the universality of the high-momentum part of 
the spectra, i.e ., weak dependence of the momentum distribution . hape on the atomic num­
ber of the target, A. In Fig.3 the ratio of cross section to carbon a d hydrogen at I 03 mrad 

is presented. One can see, that at high momenta this ratio is close to the power law A 213. 

The calculations performed within the framework of hard scattering model are in good 
agreement with the data obtained on the hydrogen target. The authors managed to get the 
following result: (i) The main contribution to reaction comes fro m the stripping and scat­
tering of the deuteron nucleon on the target proton, whereas the i terference between these 
processes and virtual pion production is small. So one can consider that the mechanism of 
the reaction is known and is relatively simple; (ii) Strong sensitiv ity of the reaction to the 
NN potential: The using of Paris DWF (36] gives the better agreement between theory and 
experiment; (iii) The nucleons inside a deuteron keep their individuality up to the relative 
momenta -I GeY/c. (iv) The reaction is sensitive to the spin structure of deuteron . 

Another interesting feature of these data is the so-called Z-scal ng [37], what means the 
universality (i.e., the independence from the emission angle and A value) of the high 
momentum part of the proton spectra normalized on the pp ~ pX cross section versus 
minimal momentum of spectator in the deuteron rest frame Z. 

1The curve is taken from the paper: Sharov V.I. et al. - JINR Rapid Com., 1996, No.3[77] , p. l3 . 
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solid lines follow the power law A213 

These peculiarities of the reaction allow us to suggest the measuring of the tensor 

analyzing power A,.Y in the inclusive deuteron breakup reaction A(;/ p)X at non-zero angle 

[37], where the part of add itional to IA diagrams (virtual 1t production) can be neglected, 

and therefore, the obtained information is more easy to be interpreted in comparison with 

the polarization data obtained at zero angle . 
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Fig.4. Impulse approximation diagrams describing the deuteron br akup on hydrogen at 
large transverse momenta of protons. Here d is an incident deuteron, p is a target 
proton , p1 is a proton detected, q1, q2, q3 are off-shell nucleons, and p2, p3 are nucleons 
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The global features of proton spectra in the region of t e transverse momenta of 
0.5-1 GeY/c produced in the A(d, p)X reaction by unpolarized deuterons with the initial 
momentum of 9 GeV/c, were satisfactorily describetl taking into· account only nucleon 
degrees of freedom by means of interfering sum of the three Feynman diagrams shown in 
Fig.4. Diagram (a) describes the detection of a proton emitted as a result of·the deuteron 
direct fragmentation, and diagrams (b) and (c) correspond to the situation when the detected 
particle experiences an additional interaction . 

The analysis of spin effects of mechanisms shown in Fig.4 was carried out in the paper 
of Azhgirey and Yudin [37] . The analyzing power Tkq for the H(d, p)X reaction is defined 

in the standard manner: 

If Sp(Mtkq M t )dt 

Tkq = If Sp(MMt )d-r 
(I) 

Here M is the total amplitude of the mechanisms shown in Fig.4, d-r is the phase space 
element over that the summation is taken (in the case of an inclusive description of the 
reaction), and tkq are the k-rank spin-tensor operators for the init a! state. 

As a result one can obtain the following expression for the tensor analyzing power 
T2q taking into account the contributions of the direct fragment ation (diagram of Fig.4a) 

and hard scattering (diagrams of Fig.4b,c): 

T [ piOda l 
2q dp 

I 0 

_ 2ff ( I(n, p) 1 
- 3 F(x, P, T) l(d ) 2 a(np ~ pX) + 

(27t) , P (1 - x) 

f 
~ I p 10da(Np~p 1X) 

+ F(y, qT) yl(d, p) y(1- y) dp
1 

dy dqT+ 

+(interference term) J, (2) 
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where 

_ ,..-;;;:;; 11 ( I 2 ) 
F(x, p T) = 'J -='f Y2q(k) u(k) w(k) -

2
{2 w (k) , 

(p
1 0

dcr I dp
1 
)
0 

is the invariant differential cross section for the fragmentation of unpolarized 

deuterons, /(n, p), l(d, p) are the invariant fluxes of the colliding particles, x andy have the 
meaning of fractions of the longitudinal deuteron momentum taken away in IMF by a 

II 

spectator and the second fragment, respectively, and k is the unit vector in the direction of 
the nucleon momentum c~ . kT) in the deuteron rest frame. The relation between the mo-

mentum k and the detected proton momentum p
1 

in the light front dynamics, where the 

deuteron is considered as a wave packet of two free nucleons, is determined on the basis of 
the expressions 

P10+P,3 ko+k3 
t= =--
. d

0 
+ d

3 
2k

0 
P1T=kT, x+y= 1, (3) 

with the result that 

2 k2 m + T ., N 
k2 = k2 + m;v = 4x(l - x) 0 

The explicit expression fo r the (interference term) is too combersome to be given here; its 
contribution to the value of T, does not exceed few percent. _q 

The predictions for the tensor analyzing powers T
20 

and T
22

, which are simply related 

to A 
yv 

An=- -f2[ ~ T20 +-If T22] (4) 

for the initial momentum 9 GeV/c and the proton angle in the laboratory 139 mrad are 
given in Ref.37. It was demonstrated the strong sensitivity of A to the used DWF obtained 

. » 
from the different NN potentials. The calculations of A.v.v at 80 mrad using the DWFs 

corresponding to the different NN potentials are shown in Fig.5. One can see that the using 
of Paris [36] and Reid [38] NN potentials gives the similar behaviour of A , whereas the 

yy 
predictions of Bonn [39] and Moscow potentials [40] differ significantly even at relatively 
small momenta of proton . 

Therefore, the measurements of the tensor analyzing power A can be used as an 
yy 

independent test to make a choice between the different potentials. 

The sufficient point of the hard scattering model is that the NN amplitude is purely 
non-spin-flip (this approximation seems to be reasonable in the momentum region under 
consideration, ·nearly -5 GeV/c). As the consequence vector analyzing power· iT

11 
(or A) 
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Fig.S. Tensor analyzing power AJJ in deuteron breakup reaction H(d, p)X 

at 9 GeY/c of the initial deuteron momentum and 80 mrad of the proton 
emission angle . The predictions for Paris [36], Reid [38], Bonn [39] and 
Moscow (40] NN potentials are given by the solid, dashed, dotted and 
dashed-dotted lines, respectively 

equals zero. The value of this observable is very important to estimate the validity of the 
hard scattering model and the importance of the spin-flip amplitud of NN scattering at high 
energies. On the other hand, it would be extremely interesting t measure iT11 at lower 

energies, where spin-flip part of the amplitude is relatively large. 

2. Experimental Method 

We propose to measure the tensor analyzing power A in the deuteron inclusive 
yy 

breakup process with the detection of the emitted proton at non-zero angle using a slow 
extracted polarized deuteron beam of LHE Accelerator Complex and SPHERE set-up 
(Fig.6). 
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Fig.7. Results of the Monte-Carlo simulation for a) the momentum and b) the angular 
acceptances of the set-up 

The momentum and angular acceptances of the set-up obtained from the Monte-Carlo 
simulation at -80 mrad of the proton emission angle and 5 GeY/c of the proton momentum 
and presented in Fig.7 are f..p / p "" ± 0.02 and f..8 "" ± 8 mrad , respectively . 

The relative monitoring of the beam intensity will be provided by the ionization 
chamber disposed in front of the liquid hydrogen or carbon target placed at focus F5 of the 
beam transport line YP I. The counting rate from the scintillator counters telescopes M 

51
, 

M 52 will be used as the independent relative monitors also. The measurement of the 

deuteron beam polarization will be done using ALPHA polarimeter [41] based on the dp 
elastic scattering as the analyzing reaction . The control bf the beam polarization will be 
achieved using a relatively high energy polarimeter [42]. The ab~ olute calibration will be 
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Fig .H. a l The separat ion of the protons and deuterons using the Cherenkov counter 

with the refractive index 1.033 (solid line): b) the protons and deuterons separation 

using time-of-llight mformation over the baseline -40 m 

provided by the measurements of the characteristic activities of 24Na (or 11 C) in thin foil 

exposed in the beam just upstream of the target, what could give the accuracy in the 

determination of the cross section - ± 15 %. 

The main experimental problem is the identification and selection of the protons from 

the deuteron breakup agai nst the inelastically scattered deuterons with the same momentum 

[ 43]. The suppression of the deuterons yield will be achieved by means of the Cherenkov 

" counter at the trigger level (C
1 

in Fig.8). The range of the deuteron and proton velocities 
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for the momentum acceptance C!.p I p- ± 0.02 is shown in Fig .8a by the dashed and dash­
dotted lines, respectively. The solid line is critical velocity given by the refractive index of 
the Cherenkov counter as 1.033. One can see, that it is possible to separate the deuterons 
and protons at the trigger level at least up to their momentu m -7.2 GeV/c. The final 
identification of the particles will be provided using the time-of-fl ight information over the 
baseline -40 m (Fig.8b) . 

The estimation of the beam time can be done using the pu lished data [35] and the 
following parameters of the beam and set-up: 

The intensity of the polarized deuteron beam is - 2 · 109 dJbrust; 
The momentum acceptance is C!.p I p "' ± 0.02; 

The solid angle is C!..Q "' 5 · 10-4 sr; 
The length of the target is 30 (15) em of liquid hydrogen (carbon); 

The tensor and vector polarizations of the beam are I p zz I - 0.8 and I Pz I - 0.2, 

respectively . 
We would like to stress again the importance of using the 3-state beam in order to have 

the possibility of measuring A as for the test of validity of the hard scattering model, as 
y 

well as to reduce the systematic error in the measurement of A (if A is small) . yy y 

The polarized cross section for different states of the beam polarization can be 
expressed: 

N=N 1+ - pA+ - pA + o( 3 + I + ) 
2 z y 2 zz yy ' 

(5) 

where N° is the non-polarized cross section, A and A are the tensor and vector analyzing 
yy y 

powers, p + and p + are the tensor and vector polarization of the beam. Since for 3-state beam zz z 
+ - + -p
22

"'- Pzz and p
2 

"'p
2

, the tensor and vector analyzing powers can be obtained as : 

A 
yy 

A 
y 

The corrsponding error bars are: 

M---16 I 
YY- p ~, 

zz event 

(6) 

(7) 

With the typical values of the beam polarization for 3-states I p I - 0.8 and I p I - 0.2 and zz z 

3 · 104 of useful events for one setting we expect the error bars as 0 .02 and 0 .05 for A and 
yy 

A , respectively . 
y 
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At the first stage of the experiment one can measure A at 2 energies (9 and 
yr 

3.5 GeY/c) and 2 angles (80 and 130 mrad) with the hydrogen and isoscalar (carbon) target. 

3. Conclusions 

The observed features of the cross section of the A(d, p)X reaction at large transverse 

momenta of proton ; i.e .. weak dependence of the shape of the cross section on the A value 

of the target in the region of large proton momenta in the deuteron and the sensitivity to 

NN potential give serious motivation to use this reaction to extract the information about 

the high momentum tail ot the DWF. The proposed experiment on the study of the tensor 

analyzing power An in de uteron inclusive breakup at non-zero angle could provide the new 

independent source of information about deuteron spin structure at short internucleon 

distances up to transverse momenta -I GeY /c . 

The authors are grateful to Y.K.Bondarev, V.Y.Giagolev, A.A.Nomofilov, 

Yu.A .Panebratzev, C.F.Perdrisat, S.S.Shimansky, L.S .Strunov, M.Y.Tokarev for the help 

and useful discussions : L. Y.Malinina, N.M.Piskunov, I.M .Sitnik, E.A.Strokovsky for their 

interest to this work . The investigation was supported in part by the Russian Foundation for 

Basic Research under gran ts No.95-02-05070 and N0 .96-02-17208. 
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PACqET ,UBA.IK,L(hl )lH<Il<llEPEHQHAJihHhiX CEqEHHH 
HOHH3AQHH B HOHHO-ATOMHhiX CTOJIKHOBEHHliX 

A.K.Ka.MUHCKUU * 
J131lOJKeH MeTOJ1 paC'IeTa ):(BaJK):(hl J1HCj)(jJepeHUHaJihHhlX 3<jJ<jJeKTHBHhlX Ce'!eHHH HOHHJaUHH 

npH 6hiCTphlX CTOJJKHOBeHHJlX HOHOB C 'IHCJJOM 3JleKTpOHOB.N ~ 10 H aTOMOB C Z ~ 10. HccJJe­
AOBaHa JaBHCHMOCTh ABaJI(J1hl AH<jJ<jJepeHUHaJihHhlX Ce'leHHH HOHHJaUHH npH TaKHX CTOJJKHO­
BeHHJlX OT Ha'laJJhHOfO COCTOJlHHJl Yl1aJJJleMOfO 3JleKTpOHa, OT CKOpOCT V HaJJeTaiOIUe~ '!aC­
THUhl H OT CTeneHH HOHH3aUHH CTaJIKHBaiOIUHXCJl '!aCTHU. 06CylKJ1eHa np11p011a OC06eHHOCTeH 
3JJeKTpOHHhiX cneKTpoB B pa311H'IHhiX o6JJaCTllX 3HeprnH EL H ymoB XL BhUJeTa 3JleKTpOHOB. 

Pa6on BhinOJJHeHa B Jla6opaTopHH Bh!COKHX 3Heprnii OIUIH. 

Double-Differential Ionization Cross Section Calculations 
for Fast Collisions of Ions and Atoms 

A.K.Kaminsky 

The method of the calculations of the double-differential ionization cross sections in fast 
collisions of ions having the electron numbers N ~ 10 and atoms with nuclear charge z ::; 10 
is reported. The dependence of such double-differential cross sections on the ejected electron 
initial state, the projectile velocity v, and the ionization rates of colliding partners has been 
investigated. The nature of the electron spectra features in various ranges of the electron energy 
£L and the ejection angle XL has been discussed. 

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

I. MeTo.u pac'!eTa 

B pa6oTax [ 1-5] paJBHT MeTO.U pac'leTa .UBrut<.Ubi .UHcpcpepeHUHaJlbHbiX 3cpcpeKTHBHbiX 

ce'!eHHH d 2a / d£LdwL HOHHJaUHH B 6biCTpbiX HOHHO-aTOMHbiX CTOllKHOBeHH~x. ocHoBaH­

HbiH Ha nepBOM 6opHOBCKOM npH6JlH)[(eHHH (PWBA) H npaBHJle C)'M M. 3.uecb H .uanee '!epe3 

EL H XL o6oJHa'!eHbi 3Heprn~ H yron BbilleTa Bbi6HToro 3JleKTpoHa s na6opaTopHOH cHcTeMe 

Koop.UHHaT, dwL = 21t Sin XLdXL· 

*HHH ll!lepHoii cjJHJHKH HM . .ll.B.CKo6e.rrhUhiHa MIY HM. M .B.JloMoHocoBa, M ocKBa 119899 



r 

22 KaMuHCKuti A. K. Pac'lem iJea)I.;Obt iJutjJtjJepeHLJUa.!lbHbtX ce'leHmi 

AHaJJI1TI14eCKI1e BLipa )l(eHI1ll l lllll MaTp114HLIX 3neMeHTOB 110HI133U1111 [6] 11 ynpymx, 11 

Heynpymx cpopMcpaKTopos [5 ,7] aTOMOB 11 110HOB (c 411CJIOM 3neKTpOHOB N::::; 10) 3aMKHynH 
1 

CI1CTeMy cpopMyn s [ 1-5 ) 11 csen11 3aJla4y pac4eTa senH411H d -a I d£LdwL .!Inll HOHHO-aTOM-

HbiX CTOJIKHOBeHI1H K Bbi 4 11CJieHI110 ilByKpaTHbiX 11HTerpaJJOB OT 113BeCTHbiX cpyHKUI1H . 

C03il3HI1e T04HOH Te0 p1111 110HH0-3TOMHbiX CTOJIKHOBeHI1H H3TaJIK11BaeTCll Ha Henpeo­

ilOJII1Mbie TPYilHOCTI1 . 3To Tpe6yeT peweHI1ll KBaHTOBOH npo6neMbl MHOrl1x Ten, CBll3aHHbiX 

KYIIOHOBCKI1M B3311MOileH CTBI1eM 11 06JiaJl310W11X Cn11HOM . 

0TMeTI1M xapaKTepH Lie CBOHCTBa 6LICTpb1X 110HHO-aTOMHbiX CTOJIKHOBeHI1H np11 Bbi­

COKI1X 11 cpeiliii1X 3HeprH liX, cyweCTBeHHble ilJill Bbl6opa TeopeTI14eCKI1X np116JII1)1(eHI1H B 

pac4eTaX il11cpcpepeHU11aJi b HbiX Ce4eHI1H 110HI133UI111 np11 T3KI1X CTOJIKHOBeH11liX. 

KaK npas11no, s npou e ccax, CBll3aHHbiX c nepecTpOHKOH 3neKTpOHHbiX o6ono4eK, noTe­

peif 11JII1 33XB3TOM 3JieKTp OHOB, 6LICTpbiH HaneT310W11H 110H Tepl!eT JII1Wb He3H3411TeJibHYIO 

43CTb csoc::ii 3Heprn11 E 11 11MnyiiLCa p (11£ << E 11 6p << p). nepenasaeMall 3Hepmll M 
06bi4HO cpaBHI1Ma no n o pllilKY BeJII1411Hbl C noTeHUI1aJIOM 110HI133UI111 COOTBeTCTBYIOllleH 

060JI04KI1 aTOMa 11JII1 110Ha . 3TO COCT3BJilleT BeJII1411Hbl nopllilK3 neCl!TKOB 11JII1 COTeH 3JieK­

TpOHOBOJibT nnll BHeWH11 X o6ono4eK, 6onLwl1e noTep11 M MaJJosepOliTHbi, TaK )l(e Manose­

pOliTHLI 6onLWI1e seJII14 11 HLI 6p. CnenosaTenbHO, np11 T3KI1X CTOJIKHOBeHI1liX 110Hbl pac­

cei1BaiOTCll Ha MaJJble yrn hi 8 "' 6p I p. EonLwHe yrnLI 8 paccel!HI1ll COOTBeTCTBYfOT npouec­

caM, CBll3aHHbiM c nepeCTpoifKoH BHYTpeHHI1X o6ono4eK Tll)l(eJibiX aTOMOB. 0TKJIOHeHI1e 

110HOB Ha 3H3411TeJibHble yrnbl np011CXOili1T JII1Wb np11 paccel!HI111 Ha llilp3X MI1WeHI1 np11 

CTOJIKHOBeHI1liX C MaJibiM I1 np11UeJibHbiMI1 napaMeTpaM11. 

)l3)1(e np11 ilaJieKI1X CTOJIKHOBeHI1liX, KOrna 113MeHl!eTCll COCTOliHI1e TOJibKO OilHOrO CIIa6o 

CBli33HHOro 3JieKTpOHa, 3T OT nepexon OCyWeCTBJilleTCll B pe3yJILT3Te B3311MOileHCTBI1ll BCeX 

KYIIOHOBCKI1X ueHTpos, o 6 o11x llilep 11 scex 3JieKTpOHOB. B HaCTOlllUee speMll co3naHI1e np11-

6nl1)1(eHHbiX MeTOilOB pew eHI1ll T3KI1X 3all34 B03M0)1(H0 JII1Wb C 11CnOJib30B3HI1eM cneU11aJib­

HbiX Moneneif 11 np116JIJ1 )1(e HI1H, np11rDilHbiX J111Wb ilJill orpaHI14eHHOH o6naCTI1 napaMeTpOB 

(3Hepr1111, 33pllil3, CTeneH I1 110HI133UI111 11 T. il.), np11 3TOM seCbMa CJIO:lKHO il3Tb OUeHKI1 

T04HOCTI1 pac4eTos. YIMe iOumecll np116JII1)1(eHHbie MeTOilbl, pa3BI1Tble nnll noTeHU11aJJOB, 6LI­

CTpo y6LIBaiOwl1x c paccTOliHI1eM, 11 no3BOJII1BWI1e pewi1Tb plln 33ila4 llnepHoi1 cp11311KI1, 

3necb He np11MeHI1Mbi 113-3a MenneHHoro y6biBaH11ll noTeHU11aJJa. 

Cni1HOBble 4>YHKU1111 11 TO)I(necTBeHHOCTb 3neKTpOHOB Y411TbiB310TCll np11 KoppeKTHOM 

y4eTe CBOHCTB CI1MMeTp11 11 cpyHKU11H H34aJibHOrO 11 KOHe4HOro COCTOliHI1H 110HOB 11 aTOMOB, 

nonllp1133lli10HHble 3cpcpe KTbl He cymecTBeHHLI s paMKax paccMaTp11saeMoi1 Jnecb 33il3411, a 

llilepHble CI1Jibl He Y4<iCTBYIOT BO B3311MOileHCTBI111 Ha paCCTOliHIDIX nopllilK3 10-S + 10-? CM, 

il3101UI1X OCHOBHOH BKJiaJl B ce4eHI1ll . 

C Y4eTOM yKaJaHHbi X BbiWe OC06eHHOCTeH 6biCTpblX 110HH0-3TOMHbiX CTOJIKHOBeHI1H 

cp113114eCKI1 KOppeKTHble MeTOilbl paC4eTOB 3cpcpeKTI1BHbiX Ce4eHI1H 110HI133UI111 OCHOB3Hbl Ha 

11CnOJib3083HI111 pa3JII14Hbi X Bap113HTOB Te0p1111 B03MylUeHI1H . )lnll peweHI1ll paCCM3Tp11Bae­

MOH 3ileCb KOHKpeTHOH 3aJ]3411 npo6IIeMbl MHOrHX 43CT11U, o6nanai01UI1X Cni1HOM 11 CBli33H­

HbiX MenneHHO y6LIB310 W 11M B3ai1MoneifcTBI1eM, Heo6xoni1MO ssecTH plln np116JII1)1(c;HI1H, 

OCHOB3HHbiX Ha cp113114eC KOM nOHI1M3HI111 3all3411. 

Cl1cTeMa 110H nn10c aTOM oni1CbiBaeTcll sonHosoi1 cpyHKUI1ei1 '1', liBJiliiOllleHcll peweHHeM 

ypasHeHI1ll Wpeni1Hrepa 

.,_ ~ = H'fl. 
- lfl dt (1) 
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8 TeopHH BOJMyiUeHHH raMHJibTOHHaH H pa3nen51eTc51 Ha nse t.IaCTH 

H= H
0 

+ U, (2) 

npH 3TOM H
0 

onHCbiBaeT cso6oJlHbie HOH H aToM (Hx JlBH)KeHHe f.l cTpyKTypy), a onepaTop 

B3aHMO)leHCTBHll 

(3) 

OnHCbiBaeT B3aHMO)leHCTBHe JlBYX 51Jlep H BCeX 3JieKTpOHOB C «4)')KHM» liJlpOM. 3)leCb H )laJiee 

r. Hr.- pa,uHyCbi-BeKTOpbl 3JieKTpOHOB aTOMa MHllleHH H HOHa (OTHOCHTeJibHO CBOHX 51Jlep) 
} I 

COOTBeTCTBeHHO, NA = ZA - iA - 4HCJIO 3JieKTpOHOB HOHa. 

fJiaBHa51 CJIO)KHOCTb Ja,uat.IH COCTOHT B OTCYTCTBHH T04HOfO p e llleHH51 ypaBHeHH51 

(4) 
H B npHHUHnHaJibHbiX TPYJlHOCT51X nonyYeHH51 ero np~6nmKeHHbiX pellleHHH. Tot.IHoe pe­

weHHe ypasHeHH51 WpeJlHHrepa ( 4) Jlll51 BOJIHOBbiX cpyHKUHH \jf A \jf 
8 

cso60JlHf?IX HOHOB H 

aTOMOB cyruecTsyeT JIHlllb Jlll51 aToMa sonopona H sonopononono6HbiX HOHOB. lln51 aTOMOB H 

HOHOB C 4HCJIOM 3JieKTpOHOB N > 1 cyrueCTBYIOT JIHWb npH6JimKeH Hbie BOJIHOBbie cpYfiKUHH 

\jf A H \jf B' fiOCTpOeHHbie Ha pa3JIH4HbiX 6aJHCaX, B TOM 4HCJie C )leCl!TKaMH H COTH51MH 

6aJHCHbiX cpYfiKUHH. Heo6xo)lHMOCTb s CTOJib CJIO)I(HbiX cpyHKUHliX B03H"!KaeT npH neTanb­

HOM yt.IeTe 3JieKTpOHHbiX KOppeJI51UHH, CMelllHBaHHH KOHcpHrypau H Jlllll paC4eTOB TOHKHX 

3cpcpeKTOB npH 3JieKTpOHHbiX nepexonax (lllHpHH TOHKHX onTHt.Ie CKHX JIHHHH, CTPYKTypbi 

MeJoaToMos H T.Jl.). EcTecTseHHO, 4TO TaKHe pact.IeTbi secbMa Tpyn oeMKH. 

OcHOBHbiM pa6ot.IHM npH6JIH)KeHHeM s pact.IeTax cet.IeHHH HOHH3aUHH npH 6biCTpbiX 

HOHHO-aTOMHbiX CTOJIKHOBeHHliX 51BJI51eTC51 fiJIOCKOBOJIHOBOe 6op HOBCKOe npH6JIH)KeHHe 

(PWBA), B KOTOpOM BOJIHOBbie cpyHKUHH 'JI; H 'VJ Hat.IaJibHOfO H KOHet.IHOfO COCT051HHH 

CHCTeMbl HMeiOT BH)l: 

'I'i ='I' Ai'I' Bi exp (ipi Rl h), 'I'!= 'I' Af 'I' Bf exp (ip!RI h), (5) 

f)le \jf A H \jf B - BOll HOBble cpyHKUHH CB060JlHbiX COCT051HHH HOHa aTOM a COOTBeTCTBeHHO, 

R - pa,uHyc-seKTop paccT051HHll Me)I(JlY 51JlpaMH HOHa H aTOMa, P; H p
1

- HMnynbCbi Hane­

Taioruero HOHa )lO H nOCJie CTOJIKHOBeHH51. 

l1cnoJib30BaHHe nJIOCKHX BOJIH s PWBA Jlll51 onHCaHH51 OTHOCHTeJibHoro JlBH)KeHH51 

CTaJIKHBaiOIUHXCll HOHOB HJIH aTOMOB He BHOCHT JaMeTHbiX HeT04HOCTei1 s d 2a I d£L(J)L npH 

3HepmH HaJieTaiOruero HOHa E I A ~ 1 M3B/HyKJIOH, TaK KaK npH 3TOM !:J.p << p, KaK OTMe­

t.IeHo Bbiwe. 

llJill npaKTHt.IeCKHX paCt.IeTOB 3cpcpeKTHBHbiX Cet.IeHHH HOHH3auHH B 6biCTpblX HOHHO­

aTOMHbiX CTOJIKHOBeHH51X )KeJiaTeJibHO fiOCTpOHTb TaKHe cpYfiKUHH \jf A H \jf B' KOTOpbie fi03-

B0Jll!T fiOJlyYHTb npH6JIH)KeHHbie BeJIH4HHbl Cet.IeHHH HOHH3auHH n p H cpaBHHTeJibHO He60Jib­

WOH TpynoeMKOCTH pact.IeTos H c nocTaT04HOi1 JlJI51 npaKTHt.IeCKHX npHMeHeHHH T04HOCTbiO 

(eCTeCTBeHHO, 4TO TaKHe cpyHKUHH HenpHMeHHMbl Jlll51 pact.IeTOB TOHKHX 3cpcpeKTOB, ynOM51-

HYTbiX Bbillle). lln51 noro l!BJI51IOTC51 onTHMaJibHbiMH cpyHKUHH \jf A H \jf 
8 

s BH)le JIHHeHHbiX 

KOM6HHaUHH (5,7): 
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N 
A 

lf'
1
(r

1
• r, ... . rv) = 2, a . IT \jf (.:: ,r )X (m .) 

I - I ~ I . ./ ./ ./ ./ .I.J 
. 1 = I 

OIIIIO::>JleKTpotlllbiX KYJIOIIOBCKIIX sonHOBbiX cpytiKWtii 

\jf (.:: *, r .) = R 
1
(: • , r .) Y

1 
(8 . , <p . ) 

111 " 1 .1 m.J 1 

(6) 

(7) 

11 cn11IIOBbiX cpyiiKUllii x (m . ). 3IIecb Y
1 

(8 ., <p .)- ccpep114eCKI1e cpyHKU1111, R 
1
(/

1
, r)-

I ·'1 m 1 1 II ll 

KYJIOIIOBCKI!e paulla.Jibllble BOil HOBble cpyHKWIIt B none c 3ap51IIOM : ' 1. 
II 

Ko3cpcp11Ullei1Tbl a
1 

Bbi 6Hpa10TC51 T3KIIMII, 4T06bl \jf A 11 ·\jf B COOTBeTCTBOBaJII1 KB3HTOBbiM 

411CJiaM OCIIOBI!Oro COCT051HII51 110113 II aTOMa : nOilHOMY MOMeHTY J, op611TaJibHOMY MOMeHTY 

L 11 CIIIIIIY S, 11p11 ::>TOM o6ecne4uBaiOTC51 lleo6xoii11Mble csoikTBa CI1MMeTp1111 11 co6JIIOIIeHI1e 

11p1111UIIIIa_nay!lll [9] . 8eJli1 411Hbl K03cpcp11UlleHTOB a
1 

COCT051T 113 KOM611H3U11H COOTBeTCTBy-

KllUIIX K03cpcp11UlleiiTOB Be KTOpiiOfO CJlO)KeHII51 MOMeHTOB. Mbl He np11BOI111M IIX 3IleCb Il1151 

KpaTKOCTII. 

¢y11KUIIII (7) BJaiiMII O OpTOfOHaJibHbl Ja C4eT OpTOfOHaJibHOCTI1 ccpep114eCKI1X cpYf1KU11H 

Y
1 

(8 ., <j) ). l1CKJII04elllle COCTaBJI5110T IIS-COCT051HI151, IlJI51 KOTOpbiX He06XOili1Ma IIOnOJIHI1-
m .1 1 

Te!lblla51 opTorollaJIIIJauu51 B TO )Ke speM51 paullanbHble cpyHKU1111 R 
1
(z*

1
, r) II1151 pa311114HbiX 

ll ll 

o60JI011eK 11e 51B! I5110TC51 OpTOfOHaJibHbiMII , TaK KaK OHI1 OTJII14310TC51 3H34eHI151MI1 3cp-

cpeKTII811hiX Jap51LIOB : *
1

. 
II 

OnteniM, •rro 8 noM 11p116JIIt)KeHI111 onepaTop (3) 51BJI51eTc51 OIIH04aCTI14HbiM no OTHO­

!lletlliKJ K 3! 1eKTpo11aM IIOHII3YeMOfO 110113 A, n03TOMY B nep80M nop51IIKe np116JII1)KeHI151 

803MO:t.:IIO ll"lMellelllle COCT051Hll51 (8 TOM 1-111C1le 11 8b1pb183HII51 B HenpepbiBHbiH cneKTp) TOJib­

KO OlliiOrtl JJieKTpOIIa. 3cpcpeKTIIBIIOe Ce4eHI1e MHOfOKpaTHOH 110HI133U1111 B 3TOM 

11p1161111:t.:ellllll paBIIO IIY.'l iO , OHO B 3TOM np116JII1)KeHI111 MO)KeT 6b1Tb Oni1C3HO Jll1lllb 6onee 

rpOMlflllKIIMII cpopMyJiaMll 6onee Bblc"OKIIX nOp51IlKOB. 

npoBeilelllllle B [2]11 [.f] CpaBHeHl!e C 3KCnep11MeHTaJibHbiMI1 Il3HHbiMI1 113 [10]11 [II] 
IIOKaJ<UIO 11pll~tellli~IOCTb OCIIOBHbiX np116JIIt:t.:eHI1H MeTOIIa IlJI51 KOJIII4eCTBeHHOfO Oni1C3HI151 

31tepreTI!'IeCKIIX II yr.'IOBbi X pacnpeiieJiellllii Bbi611TbiX 3JieKTpOHOB B W11p0KOM Ill13n330He 

£1. II X· 
Ha•laJihiiOe COCT0511111 e Bbi6HBaeMOfO np11 HOHII33U1111 3JieKTpOHa onpeiieJI51eTC51 3aLI3HI1-

eM r.rlaBHoro KBaHTosoro ' lllcna 11. op61rraJibHOro MOMeHTa KOJII14eCTBa IIB11)KeHI151 I 11 era 

upoeKWIII m 11a Rb16paHH YKJ ocb . B Toii o6nacTI1 £L 11 Xc file ocHOBHOH BKJiaLI B 3JieKTpOH-

IIblii cueKTp d 
2
a I d£1.w1 LiaiOT 3JieKTp011bl , Bbl6~rrble H 3 aToMa MI1WeHI1, Be1111411Ha 

, , 
d -a I d£

1
dw

1
_ oupeLien51eTc 51 LI11cpcpepeHwtanbllbiM ce4e1111eM d -a 

8
1 d£LdwL 110HI13aU1111 aTo-

M a MI!Wellll 8. np11 3TOM 110 KOIIe411biM COCT051HI151M HaJieT310lUero 110113 A MO)KeT 6b1Tb 

uposeLieHo cyMM11posa1111e n o upas1111Y cyMM. TaKa51 npoueiiypa np11BOil11T K Bb1p3)KeHI151M [ 1-5] : 

, , I , . 
d -a 

8 
d -a~ d -a~' 

-- = -- + --
d£ dw d£ dw d£ dw ' 

(8) 

d 2a~ 
-- -
d£dw-

, , , 
2a0.::~ v0 

• -1 , 
/O.::R v-

q ma.\ 2n: 

f [I-N\:-\
1F\(q)] 2 kq-3 dqf IE I (q, k)i 2

d<p, 
i I I fl fn 

<{ 11\111 0 

(9) 



Ka.MUHCKUU A.K. Pac'lem OIJQ)!(Obl ou¢1/JepeH/,jUQAbHbiX Ce'leHUU 25 

d 2cr; 2a~NA v~ q' mJax -3 2Jrr I 12 
d£ dw = *4 2 SA (q)kq dq £ nlm(q, k) d<p . 

/OzB v q' min 0 

(10) 

3JleCb 4epe3 q o6o3Ha4eHa nepeJla'la HMnynbca np11 CTOllKHOBeHHH, k - HMny1lbc Bbi6HToro 

::meKTpOHa, z
8
* - 3<f><f>eKTHBHbiH 3ap~Jl 110HH3yeMOH 060Jl04KI1, £ I (q, k) - MaTp114HbiH nm 

3JleMeHT Bbi6HBaHH~ 3JleKTpoHa 113 cocTo~HHSI I nlm) B Henpep biBHbiH cneKTp, FA(q) 11 

SA(q) - ynpymi1 11 Heynpymi1 <f>opM<f>aKTOpbi HaneTaiOwero 110 a, z,4 11 NA - ero 3ap~Jl 

-8 8 6 ~npa 11 4Hcno 31leKTpoHos, a
0 

= 5,29·1 0 eM, v 
0 

= 2, 19·1 0 c M/c, /
0 

= 13, 38. Cs~3H 

Belli1411H q 11 k, yrJIOB BbiJleTa HaJleTaiOwero HOHa e 11 3JieKTpOH a XL onpenell~IOTC~ 3aKO­

HaMH COXpaHeHHSI (1-5]. ATOM MHWeHH B Jla6opaTOpHOH CHCTeMe npennonaraeTC~ nOKO­

~lllHMCSI, no3TOMY HHJleKc L s (8)-(1 0) onyweH. 

npH HCCJle)lOBaHHH )leTanei1 3aBHCHMOCTI1 Belli1411H d 2
cr I d£LdwL OT Ha'laJlbHOro COCTO­

SIHHSI I nlm) ynan~eMoro 3JleKTpoHa nn~ CllYlJaes I ;t. 0 .oKa3biBaeTc~ .cywecTseHHbiM Bbi6op 

CHCTeMbl KOOpJlHHaT. 

8 (6] npHBe)leHbl Bbipa)((eHH~ )lll~ MaTp114HbiX 3JleMeHTOB £ I (q, k) 110HH3aUH11 113 nm . 
COCTO~HHH 2s, 2p0, 2p I, np11 3TOM OCb KBaHTOBaHH~ Ha'laJlbHOfO COCTO~HH~ Bbi6paHa no 

BeKTOpy k BbiJleTa YJlaJl~eMOfO 3JleKTpOHa. 8 JlHTepaType nO <f>H311Ke aTOMHbiX CTOJlKHO­

BeHHH '!awe HCnOJlb3yiOTCSI 0603Ha4eHHSI 2p
0 

BMeCTO l21 0) 11 T . )l. , n03TOMY np11 JlallbHeH-

weM aHanH3e pe3yllbTaToB pac'leTa Mbi 6yneM HCnOllb30BaTb 3TH o6o3Ha4eHH~ nono6ono4eK 

p-o6on04KH . .Un~ aHanH3a JlH<f><f>epeHUHaJlbHbiX ce'!eHHH d 2cr I d£LdwL Bbi6HBaHH~ 3JleKTpo­

HOB 113 2p
0

- 11 2p 1-nO)l060Jl04eK aTOMOB MHWeHH yno6Hee Bbi6p aTb OCb KBaHTOBaHH~ no 

BeKTOpy p HMnyllbCa HaJleTaiOwerO HOHa A, BO BCeX OCTaJlbHbiX Cll YlJ~X Bbi60p OCI1 KBaHTO-

saHI1~ HecywecTBeH. 

MaTp114Hbie 3JleMeHTbi £ (pi) (q, k) 110H113aU1111 np11 Bbi6ope oc nm KBaHTOBaHI1~ B)lOJlb OCI1 

p CB~3aHbl C £ I (q, k) 113 (6] COOTHOWeHI1eM nm 
C 2 .x 1 s· 

(p) ( k) OS 2 . ~2 In X 
£211 q, 'IL 

(p) k 
£210 (q, ) 

(p) k 
£21-1 (q, ) 

I s· -12 mx 
S. 2 .X 

In 2 

Cos X 

I . 
-12 Sm X 

Sin2 .X I 

2 I[ £211 (q, k) 1 
~Sin X £21o (q, k) · 

2 y J £21-1 (q, k) 
Cos & 

2 

(II) 

CooTHoweHHe (II) cne)lyeT 113 npeo6pa3osaHH~ c<f>ep114eCKI1X <PYHKUHH Y LM(e, <p) np11 

nosopoTe CI1CTeMbi KOOpJl11HaT [8, II] Ha yron XL OTHOCI1TellbHO oc11, nepneHJl11KYll~pHoi1 

BeKTOpaM k 11 p. 
AHani1TI14eCKI1e Bbipa)((eHI1~ Jlll~ <f>opM<f>aKTopos F(q) 11 S(q ) nn~ aToMos 11 110HOB c 

'IHCllOM 31leKTpOHOB N ::;; 10 np11Be)leHbi 11 o6cy)((JleHbi B [7], OHI1 MOryT 6biTb npenCTaBJleHbi 

B BH)le 

F(q) = N -I [N
1
/--( Is, Is)+ N

2
/--(2s, 2s) + N

2
POL(2p0, 2p0) + N

2
p

1
L(2p

1
, 2p

1
)], (12) 

-1 2 2 2 2 S(q) = N [N- a
1
L (Is, Is)- a

2
L (2s, 2s)- a

3
L (Is, 2s) - a

4
L (2p

0
, 2p

0
)-

2 2 2 2 - a5L (2p
1
, 2p

1
)- a

6
L (is, 2p0)- a

7
L (2s, 2p0)- a8L (2p0 2p0)L(2p

1
, 2p

1
)]. (13) 
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Benw-JHHbJ OllH04aCTH4HbJ X MaTpH4HbJX 3JleMeHTOB 

L(nlm, n' I'm') = J \fl*
1 

(r)eiqr / fl\fl ,
1
, ,(r)dr 

nm n m 
(14) 

npHBeLieHbJ s [7]. Ko3cpcpHuHeHTbJ N
15 

H N
25 

liBJlliJOTCll 4HCJlaMH 3JleKTpOHOB s Is- H 2s­

o6ono4Kax paccMaTpHsaeM bJX HOHOB HJlH aToMoB cooTBeTCTBeHHO. Ko3cpcpHueHTbJ N2PO H 

N
2

P
1 

paBHbJ cooTBeTCTBeH Ho : 

N2PO=(N-4) /3 , N2PI =2(N-4) / 3. (15) 

npH nOil}"leHHH BeJlH4HH (15) }'4TeHO, 4TO MaTpH4Hble 3JleMeHTbl (14) c m=+ I m=-1 
pasHbJ, JanpeweHbJ IlHWb nepexOllbJ c pa3JlH4HbJMH JHa4eHHliMH m. BenH4HHbJ K0-

3cpcpHuHeHTOB a . l!Jlll pa3Jl H4HbiX HOHOB npHBel!eHbl 3l!eCb B Ta6JlHUe H3 [7), npH 3TOM nyc-
1 

TbJe KJleTKH npHBel!eHHOH Ta6JlHUbl COOTBeTCTBYJOT HyneBbiM 3H34eHHliM COOTBeTCTBYJOWHX 

K03cpcpHUHeHTOB . 

N 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Ta6nnua. BeJJif'IHHbl Ko3cJMPnuneHTOB a; B cpopM}'JJe (13) .llJIII ueynpyroro $opM$aKTopa 

S(q) ll!UI noua HJJH aToMa c N :5 I 0 

KoH(jJII- al a, a3 a4 as a6 a7 
rypaUIIll 
, 

I -s~ n 

Is 2 
0 

2sl /2 2 I 2 

Is 2 2 4 
0 

, 
2 2 4 1/9 4/9 2/3 2/3 -pl/2 

"P 2 2 4 
0 

4/9 10/9 4/3 4/3 

4s 2 2 4 
) I 2 

I 2 2 2 

"P, 2 2 4 10/9 22/9 8/3 8/3 

:l 
P, /2 

2 2 4 13/9 28/9 10/3 10/3 

Is 2 2 4 2 4 4 4 
0 

as 

4/9 

4/9 

4/9 

4/9 

8 [7] nposeLieHo cpas HeHHe HawHx pac4eToB cpopMcpaKTOpoB F(q) H S(q) llJl51 aTOMOB H 

• • 
HOHOB KHCJ10p0ll3 C BapH a UHOHHbiMH 33p51ll3MH Zn/ H3 [J2) H C Zn/ H3 3HeprnH CB.SI3H [13-

14], a T3K:lKe C Ta6JlH4HbiM H BeJlH4HH3MH H3 [ 15) . 8bJ4HCJleHHbJe no cpOpMynaM (12)-(15) 
BeJlH'lHHbl cpopMcpaKTOpOB l!Jlll aTOMa Ne H ero HOHOB C 33p51ll3MH OT 1 l!O 9 HJlJlJOCTpHpYJOT 

pHc.l H 2. npH 3TOM BMeCTO F(q) Ha pHc . l npHBe)leHa BeJlH4HHa 

U=[l-NZ-1F(q)] 2
, (16) 

BXO)llllll351 B cpopMyny (9) . 

On.teTitM, 4TO npuseLieHHbJe BbJWe Bblpa.lKeHHll (12)-(13) l!Jl51 cpopMcpaKTopos F(q) H 

S(q) Tpe6yJOTCll He TOJlbK O l!Jlll pac4eTOB Ce4eHHH (8)-(1 0), HO H )lJl51 pac4eTOB Ce4eHHH 

paccel!HIIll y-KB3HTOB H 33 pll.lKeHHbiX 43CTHU Ha 3TOM3X HJlH HOHaX [7) . 
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Bo 8cex o6nacn1x nepeMeHHbiX £L 11 Xv r,Ue 8Klla,U 8 cneKTp d
2cr I d£L dwL 3JJeKTpOH08 

n116o 111 HaJJeTaJOIUero 110Ha A, n116o 111 aToMa (11n11 110Ha) MI1UieH B 518JJ51eTc51 npeo6na,Ua­

IOIU11M, cyMMapHbiH cneKTp 3JJeKTpOH08 MO:lKeT 6b1Tb npe,UCTaBJJeH CYMMOH [ 1) 

(17) 

<lJopMyna (17) Henp11MeHI1Ma JJI1lllb 8 Tex o6nacT51X £L 11 XL' r,Ue 6a cnaraeMbiX cpaBHI1Mbi 

no 8eJJI1'111He. 

BKJJa,U 8 ce'!eHI1e 3JJeKTpOHOB 113 aToMa B MI1UieHI1 Bbi'II1CJJ51eTc51 Henocpe,UCTBeHHO no 

cpopMyJJaM (8)-(10). Oep8biH 'IJJeH 8 (17) Bbi'II1CJJ51eTC51 aHaJJ OrH'IHO B ,!lBI1:lKYIUeiic51 c 

110HOM CI1CTeMe KOOp,!l11HaT 11 3aTeM npeo6pa3yeTC51 8 JJa6opaTOpHy iO CI1CTeMy o6ruenp11H51-

Tb!M MeTO,!lOM [16): 
d2(JA VL d2(JA 

d£LdWL- VA d£AdWA 
(18) 

Pac'!eTbi [3,4, 17] 8eJII1'111H d
2cr I d£LdwL yKa3aHHbiM 8biUie MeTO,!lOM,. a TaK:lKe 

np116JJI1)1(eHHbie paC'!eTbl [ 18, 19) Bbl51811JII1 xapaKTepHbie OC06eHHOCTI1 3JJeKTpOHHblX CneKT­

pOB, n0380JJI1JJI1 nOH51Tb np11po,Uy 3TI1X oco6eHHOCTei1, 11x 3aBI1CI1MOCTb OT CTPYKTypbi CTaJJ­

KI1BaiOIU11XC51 110H08 11JII1 aTOM08 11 11X OTHOCI1TeJJbHOH CKOpOCTI1 V. AKTYaJJbHOCTb TaKI1X 

11CCJJe,UOBaHI1H nO,!l'lepK11BaeTC51 TeM, 'ITO COBpeMeHHbie 3KCnep11M eHTaJJbHbie MeTO,!li1KI1 C 

1,0 --U(q) 

0,8 

0,6 

......... 
0" .......... 
:J 

0,4 

0,2 

o.o~~~--~--~--~--~--~--~--~--~--~--~~--~~ 

0 2 4 6 q 8 10 12 

PHc.l. BeJJH'IHHhi U(q) llllll aToMa HeoHa Hero HOHOB c 'IHCJJOM JJieKTpoHoB oT 1 ao 9. 3apllllhi HOHOB 

B03pacra!OT c pocroM seJIH'IHHhi U(q) npH q ~ 0. 3¢cpeKTHBHhie 3apll!lbl o6oJio'!eK Bhi'IHCJJeHhl no 

JHeprHliM CBli3H (13,14] 

L 
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\ 

1,0 

0,8 

0,6 

,.-.... 
0" .......... 

(f) 
0,4 

0,2 

o.o~~ . 1 • 1 • 1 • 1 • , • 

0 2 4 6 8 10 12 
q 

PHc.2. Be.,lH'IHHbl S(q) JL1ll aroMa HeoHa H ero HOHOB c 'IHCJIOM 3neKTpOHOB or I liO 9. 3apl!llbl HOHOB 

BOJpaCTa!OT c poCToM se.,lH'IHHbl S(q) npH cpHKCHposaHHOM JHa'leHHH q. 3¢cpeKTHBHbJe Japl!llbl 

Bbi'IHC..leHbl no 3HeprHl!M CBl!JH ( 13, 14] 

HCnOflb30BaHHeM CXeM COBna.ueHHH n03BOflliiOT Bbl.!leflHTb BKJla,u OT.!leflbHbiX o6onO'IeK 

CTanKHBaJOlUHXCll HOHOB HflH aTOMOB B cyMMapHbiH cneKTp, TaKHe 3KCnepHMeHTbl y)!(e Ha­

'JaTbl [20]. B pll.ue 3Kcnep HMeHTanbHbiX pa6oT [21] HccnenYJOTCll oco6eHHOCTH ::~neKTpOH­
HbiX cneKTpOB (HanH'IHe nHKOB, HX CTpyKTypa H T . .!1 . ). Ha'!aTO HCCfle.!lOBaHHe (22-24) 

TPHlK.!lbl .!1HcpcpepeHUHanbl lbiX ce'JeHHH HOHH3auHH d3cr I dndELdwL. 3.!1eCb Q = 21t Sine de, 

r.ue 8 - yron paccel!HHll HOHH3Hpy101UeH 'JaCTHUbl (J)L 3fleKTpOHaMH. 

HHlKe .uaH aHanHJ x a paKTepHbiX oco6eHHOCTeii yrnoBbJX 11 3HepreTH'IeCKHX cneKTpos 

3neKTpOHOB, Bbi6HTbiX npH 6bJCTpblX HOHHO-aTOMbiHX CTOflKHOBeHHliX, KOr.ua 06e CTanKHBa­

IOlUHeCll 'JaCTHUbl HMeJOT C06CTBeHHble 3neKTp0Hbl. 06Cy)!(.!leHa JaBHCHMOCTb 3THX OC06eH­

HOCTeH OT 3fleKTpOHHOH CTPYKTYPbl CTanKHBaJOlUHXCll 'JaCTHU H HX OTHOCHTeflbHOH CKO­

pOCTH V . 

2. 06cylK.UeHue peJynbTaTOB pac'leTos 

TeopeTH'IeCKHe pac'leTbl [1-5,17-19] .usa)!(.!lbl .UiicpcpepeHUHanbHbJX ce'!eHHH 

i!.cr I dELdwL noKaJanH, 'ITO s cno)!(HOH crpyKType Jlcr I dELdwL BbJ.UenliJOTCll 'leTblpe xapaK-

~ 

TepHbJe o6nacnt EL 11 XL' s KOTOpblX cf"cr I dELdwL npHHHMaJOT MaKCHManbHoe JHa'leHHe. B 

JHa'IHTenbHOii o6nacnt EL 11 XL 3TH MaKCHMYMbJ '!eTKO paJ.ueneHbJ 11 HMeJOT pa3nH'IHYJO 
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npHpO)ly. Ho OC06eHHO Ba)((HO TO, 'ITO B p$1.Ue CnyYaeB B pa3nH'IHbi e MaKCHMYMbl nona.ua!OT 

::meKTpOHbl H3 pa3nH'IHbiX CTaJIKHBa!OIUHXC$1 <JaCTHU. 

PaccMOTpHM xapaKTepHbie oco6eHHOCTH .uwcpcpepeHUHaJibHbi X ceYeHHH d2cr I d£LdwL 

.!III$! 6biCTpbiX HOHHO-aTOMHbiX CTOnKHOBeHHH H npOHnn!OCTpHpyeM HX BenH'IHHaMH 

ia I d£LdwL, Bbi'IHCneHHbiMH H3nO)((eHHbiM Bbillle MeTO.UOM .!III$! cTonKHOBeHHH HOHOB 

Kwcnopo.ua pa3nH'IHOro 3ap$1.ua (zA- NA) c ::meprwew E I M = 10 M 3BIHYKnOH c aToMaMw 

MHllleHH C (pHC.3-6) . 

npw MaJibiX 3HeprH$1X Bbi6HTbiX 3neKTpOHOB £L ~ 0 B icr I d£LdwL HMeeTC$1 MaKCHMYM, 

KOTOpbiH o6pa3yJOT 3neKTpOHbl, Bbi6HTbie H3 aTOMOB MHllleHH 8 npH .UaJieKHX CTOIIKHO­

BeHH$1X HaJieTa!OIUerO HOHa A C 3THMH 3neKTpOHaMH. 3TOT MaKCHMYM .uaeT rnaBHbiH BKna.ll 

B nOIIHOe CelJeHHe (J B HOHH3aWIH aTOMOB MHllleHH npH 6biCTpbiX HOHHO-aTOMHbiX CTOnKHO-

BeHH~X. BeiiHlJHHa 3T0f0 MaKCHMyMa CHnbHO 3aBHCHT KaK OT HalJaJibHOfO COCTO~HH~ 

I nlm) y.uan$1eMoro 3IIeKTpoHa, TaK w OT cTeneHH HOHH3~UHH (zA- NA)_ HOHH3yromero woHa. 

BeiiH'IHHbi icr I d£LdwL npw £L ~ 0 $1BII$IIOTC$1 caMbiMH 6onblllHMH npw NA = 0, Kor.ua 

HOHH3YIOIUeH lJaCTHUeH ~BII$leTC$1 nOIIHOCTb!O o6o.upaHHOe $1.llp0, npH 3TOM 

ia 8 1 d£LdwL = ia~ I d£LdwL w ~cr; I d£LdwL = 0 . C pocToM NA n pw Ja.uaHHOM zA nepsoe 

cnaraeMOe B (8) y6biBaeT H3-3a ysenH'IeHH$1 3KpaHHpOBKH 3ap$1.Ua ZA 3neKTpOHaMH, BTOpOe 

cnaraeMoe pacTeT c pocTOM NA . 

3KpaHwposaHwe ~Bn~eTC$1 Haw6onee cymecTBeHHbiM npw q < 1, HO HMeHHO npw MaJibiX 

q < 1 H npH MaJibiX £L KBa.upaTbl MaTpH'IHbiX 3neMeHTOB MaKCHMaJI Hbl. 

npw HOHH3aUHH aTOM a c aTOM OM 0 c 3Heprnei1 E I M = 10 M3B/HyKnOH B o6nacTH 

£L ~ 0 senH'IHHa d2cr; I d£LdwL cpaBHHMa c nepBbiM cnaraeMbiM (8) .llJI$1 HOHH3aUHH 2p-

o6oiiO'IKH H IIHlllb B 3 H 4 pa3a MeHbllle d2cr; I d£LdwL .un$1 2s- H 1s-cocT0$1HHH cooTBeTcT­

seHHO . B TO )((e BpeM$1 npH HOHH3aUHH aTOMa C HOHOM 0+
4 

C TOH )((e CKOpOCTb!O BKna.ll 

d2cr; I d£LdwL s d2cr I d£LdwL cocTaBn$1eT senw'IHHY nop$1.UKa 1 %. 

113 pe3ynhTaTOB Ha pHC . 2-5 BH)lHO, 'ITO npH £L ~ 0 HaH60 IIblllHM $1BII$leTC$1 BKna.ll 

2p
0

-COCT0$1HH$1 Bbi6HBaeMOfO 3neKTpOHa, HeCKOnbKO MeHbllle BKn 2p 
1
- H 2S-COCTO~HHH, a 

BKna.u CHnbHO CB$13aHHOfO }S-3neKTpOHa 3HalJHTenbHO MeHbllle, XOT~ C pOCTOM £L BeiiHlJHHa 

d2cr I d£LdwL .un$1 ls-o6ono'IKH y6hiBaeT cymecTBeHHO Me.uneHHee. 

06IUHM CBOHCTBOM 3neKTpOHHbiX cneKTpOB npH MaJibiX £L $1 Bn~eTC$1 HX npaKTHlJeCKH 

H30TpOnHbiH xapaKTep . 

B pa60Te [ 18] BhmonHeH npw6nH)((eHHbiH paclJeT .UBa)((.llbi .uwcpcpepeHUHaJibHbiX celJeHHH 
2 

d cr I d£LdwL BbipbiBaHH$1 3neKTpoHa H3 B036~eHHoro cocT0$1HH$1 2p
0 

HaneTaromero woHa 

He+ npw cTonKHOBeHHH c aTOM OM Ar MHllleHH B npe.uene M aJibiX CKOpocTei1 v A ~ 0 

Bbi6HTbiX 3neKTpOHOB B CHCTeMe KOOp.UHHaT, CB$13aHHOH C HaJieTa !OIUHM HOHOM He+. l1c­

nOIIb30BaHO 60pHOBCKOe npH6nH)((eHHe C pa3nO)((eHHeM B p$1.!l MaTp H'IHOfO 3neMeHTa nepe­

XO.Ua npH VA ~ 0 H CYMMHpOBaHHeM nHlllb no .!IBYM COCT0$1HH$1M aT OM a MHllleHH Ar. Y CTa-
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HOBJJeHo llaJJH4He y 1Koro u posaJJ a (inverted peak) B MaKCIJMy Me cPa I d£LdwL H dcr I dv L llJJ ll 

HOIIH JaUHH 2p
0

-lJOil060JJ 0 4 KII. n o MlleJJJIJO UBTOpa ( 18], 3TOT npOBaJJ liBJJlleTCll CJJellCTBHeM 

OTpHUaTeJJbiiO~i 'feTJJOCTII 2p
0

-COCTOlllllfll II llOJJ)KeH Ha6JJJOllaTbCll llJill BCeX COCTOliHHH C 

OTpHUaTeJJbiiOH 4eTJJOCTb JO . r n y6JJHU 3T0f0 npOBaJJa llOJI)KHa paCTH C pOCTOM CKOpOCTH V 

HaJJeTaJOwero HOJJa. 

npu Bblpb!BaJJJIIf 3J1eKTpOHU 111 2p
0

-COCT0l1Hifll HaJJeTaJOwero HOHa TaKOH npOBaJJ llOJI-

)Kell 11pOliBHTbCll B MUKCIIM y Me Ce4eJJJJll 11p11 \'L = V B JJa6opaTOpHOH CHCTeMe . 

B pa6oTe [ 19] nposeu e 11o llaJJbJJeiiwee llcc.rJenosaHHe « o6paweHHoro nHKa» B ce4eHHH 

Bblpb!BaJJHll 3JICKTp0110B C f./. ~ 0 111 2p
0

- COCTOliHHll H OTMC4CH llpOBaJJ B CC4CHHH 

~ 

d-a I d£L dw1_ B 6u11ap11oM M aKCIIMyMe np11 ,.L = 2v Cos XL llJJll HOHH3aUHH aToM a Ne npoTo-

uaMH, llpOHCMOJICTpllpOBaJII Iblii B ony6JJJJKOBaHHO~i paHee HaWeH pa60TC ( 17) Ha paC4CTaX 

1~"16 ~0-19 ... 
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cto 1 cto8 -H 
Pm:. J . Bc: lll'llllll>l c<.:•!Ctll l ii - - ·- 11 --- np11 CTOJJ KHOBCHI111 110Ha 0 c JHeprHei-i 

dELdw1_ dELdWL 

£ I M = I 0 f\bBiii)'K.'IOII c aToMoM C MIIWCtHI. Yro.1 BbLlera J.leKrpoHa paseH I 0 • CllJJOWHbJe 

cto8 • 
KpiiBbiC COOTBCTCTB)'IOT CC 'ICIIIIK1 -

1
--

1
- Bblpb!BaHIIll 3:1CKTpOHa 113 Ha4aJJbHOrO COCTOliHI1ll 2p0 GELC (J)I. 

aTOMa C. TO'IC'III<UI - IIJ COCTOHIIIIll 2p 1• ll)'HKTllpHall - H3 2s , WTp11Xll)'HKT11pHall - 113 Is 

d2(J 

COOTBCTCTRCIIIIO . fi)'KBOii 0 060311a4CIIbl COOTBCTCTB)'IOWIIC Kp11BbiC !Ll ll CC'ICH11H _ _ A_ LIJill 
dELdWL 

Bbi611Ballllll 3.'1CKTpo11a I IJ 11011a 0+-1. 0Cb KBaiiTOBallltll HanpaB.lCHa 110 Ha4aJJbHOM)' 11Mil)'JlbC)' 

11011a P, 
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···· ... 

PHc.4. To JKe, 'ITO H Ha pHc.3, HO npH yrne Bbi1IeTa JneKTpo a XL= 30° 

senH'IHH cflcr I d£LdwL .un.s1 HOHHJailHH B CTOJIKHOBeHH~x aTOMOB so.uopo.ua c aTOMaMH yme­

po.ua. 0pH 3TOM Hall1H paC'!eTbl BbinOJIHeHbl 6e3 .llOflOJIHHTeJibHbiX npH6JIH:lKeHHH, HCfl0Jlb-

30BaHHbiX B ( 18) H cnpaBe.UJIHBbiX JIHlllb B npe.ueJie O'leHb MaJibiX CK OpOCTeH V L ~ 0. 

11ccne.uosaHwe CTPYKTYPbi Ksa.upaTa MaTpH'IHOro 3JieMeHTa £
210

(q, k) Bbi6wsaHH~ 3JieKT­

poHa HJ 2p0-cocTo~H~ noKaJano, 'ITO MHHHMYM B d2
cr I d£LdwL npw v L ~ 0 BOJMO:lKeH 

JIHlllb npw cneuwanbHbiX orpaHH'IeHH~x Ha BeJIH'IHHbi nepe.ua'IH HMnynbca q. Ho 

d2
cr I d£LdwL ~Bn~eTc~ HHTerpanoM no q, a npw HOHHO-aTOMHbiX CTOJIKHOBeHw~x c NA "# 0 

flO.UbiHTerpaJibHOe Bbipa:lKeHHe BKJIIO'IaeT H !f>opM!flaKTOpbl HOHH3YIQIUeH qacTHUbl. 0pH 3TOM 

cyllleCTBeHHO, 'ITO npw MaJibiX seJIH'IHHax q < I ce'!eHwe CHJibHO no.uasn~eTc~ !f>opM!f>aKTO­

paMH, eCJIH HOHH3YIOllleH '!aCTHUeH ~BJI~eTC~ aTOM C NA = zA. 

C pocTOM cKopocTH v CTOJIKHOBeHH~ MaKCHMYM B cfla I d£LdwL npw £L ~ 0 CTaHOBHTC~ 
BCe 6oJiee Bbipa:lKeHHbiM, ymy6JI~eTC~ H «npOBaJI» Me)I(Jly HHM H CJie.Uy!OlllHM MaKCHMYMOM . 

0.UHHM H3 Ba:lKHbiX KpHTepHeB npH HCCJie.UOBaHHH MeXaHH3Ma CTOJIKHOBeH~ ~BJI~eTC~ 

COOTHOllleHHe Me:lK.UY .UBYM~ CJiaraeMbiMH B (8) . 3-fo COOTHOllleHHe 3aBHCHT OT ZA H NA' OT 

COCTO~HH~ Y.UaJI~eMOfO 3JieKTpOHa, OHO ~BJI~eTC~ cyiUeCTBeHHO pa3 blM B pa3JIH'IHblX 06Jia­

CT~X 3Heprnii £L H ymos Xc 
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P11c.S. To ;t;C. 'ITO II tta p licA. HO np11 HanpaB..leHHH OCH KBaHTOBaHHll no HMnyiibCY k Bbt6HTOfO 

3:tCKTpOtta 

~ 

3asucHMOCTb ceYeu u ii d-cr I d£LdwL np11 £L ~ 0 oT cTeneHI1 3KpaH11posaHI1~ HaneTaiO-

wero 11011a npouJJJIKKTpll posaHa spe3KaMI1 Ha p11c.2-4 11 p11c .S, rne npencTaBlleHbt pacYeTbt 

BeJtlllJIIII d2a I d£/_dw[_ n p ll £~_:::; 200 38 }]JI~ IIOHII3aU1111 aTOMa c 110HaMI1 H+, o+2
, 0+4 11 

aTOMOM 0. 

npll v/_ = 2v Cos X/. 11MeeTCll llpKO Bbtpa)t(eHHbiH xpe6eT B 3JieKTpOHHbiX cneKTpax, 

o6ycnosnetntbtii 6111nKII MII CTOJIKHOBeHI1liMI1 ~npa HaneTaiOwero 11011a A c ::meKTpOHaMI1 

aTOMa (IIJIII I!Oita) B ·c 6 o Jt bWOH nepenalJeH 11MrtY1lbCa q. np11 MaiibiX yrnax BbiJieTa XL CTOJib 

60Jibilllte CKOpOCTit \'/. I! Me!OT TOJibKO 3JteKTpOHbl 113 MI1WeHI1 8, Bbt611Tble B TaKI1X CTOJIKHO-

BeHl!X. 3To Ottpel.lenl!eT cnel.lyKllllHe xapaKrepHbte oco6eHHOCTI1 ceYeHI1H d2
cr / d£LdwL np11 

\'1. = 2v Cos Xc Bbtcora 3Toro xpe6ra nponopu11o11anbHa KBanpaTy 3ap~na zA ~npa HaneTaiO­

wero IlOtta A 11 ue 3aBIIc iiT or crerteHII 11011113au1111 (.:A-NA) HOHa A. BKnan BTOporo YneHa 

B (~;) B {Pa I d£LdwL np11 raKttx £L npeHe6pe)t(I1MO Man . Xpe6er HeCKOJibKO CJlBHHYT B CTO­

pouy MeHbWIIX cKopoCTe ii. YeM I'L = 2v Cos Xc llfl~ pe3ynHaTOB Ha p11c.2-4 3TOT CllBHr 

COCTaB.'IlleT Be.'llt'IIIIIY HOOlll.lKa ] K38. 
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PHc.6. Be.Im'iHHbi ce'ieHHH d2o I d£LdroL Jlllll croJJKHOBeHHH npoToHa (a), HOHa 

o+2 (6) H aTOMa KHCJJOpo.ua (B) c aTOMOM ymepo.ua npH XL= I 0 MaJJbiX 3HeprnliX 

EL' 3Heprnll HaJJeTaimuefi qacrHUbi pasHa E I M = I 0 M3BIHYKJJOH, ocb KBaHTOBaHHll 

- TIOP; 
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.LlJJH CHJlbHO CBH3a HIIbiX 3JleKTpOHOB 113 BHyTpeHHHX 060JJ04eK Xpe6eT npH 

vL = 2v Cos Xt HBJJHeTcH c. 1a6o BblpaA\eHHbiM, wupoKIIM u cywecTBeHHO HH)I(e no BbiCOTe , 

4eM liJlH BHeWtniX 060JI04eK . 3TO HJl.'liOCTp1tp)'IOT pe3y!lbTaTbl llJlH ls-060Jl04KH Ha pHC .2-4. 

Oco6eHHOCTbiO 6u11ap 11oro xpe6Ta liJJ H 2p0-cocTOHHHH HBJJHeTCH HaJJH4He rny6oKoro 

ospara s uetnpe xpe6Ta . TaKo~i ospar 6bln nony4eH npu T04HOM pac4eTe [ 17], HO ero 

11pHpOila MO)I(eT 6b1Tb npOCTO 06bHCHeHa Ha OCHOBe Ka4eCTBeHHOro aHaJJH3a 6JIH3KHX CTOJl­

KHOBeHHH HaneTatOwero Hilpa c ::meKTpOHaMH aToMa ~mweHH . Opu TaKHX CTOJJKHOBeHHHX 

MO)I(IIO npel!e6pe4b CBH3bl0 Bbi6HBaeMbiX 3JieKTpOHOB C HilpOM aTOMa MHWeHH H pac­

CMaTpHBaTb HOHHJaUHIO Ka K CTOJlKHOBeHHe Hilpa HaneTatOwero HOHa CO CB060ilHbiMH 3JleK­

TpOHaMH, o6nana!OWHMH 3ailaHHbiM pacnpelleJieHHeM no CKOpOCTHM Vc, Onpe)leJJHeMbiM Ha-

4aJJbiiOH BOJIIIOBOH cpyHKU HeH ln/m), KaK 3TO IleJJaeTCH B npH6JlH)I(eHHH 6HHapHbiX CTOJlK­

IIOBeiiHH. ~pH Bblpb!BaiiH H 3JleKTpOHa HJ 2p0-COCTOHHHH BeKTOp .HMnyJJbCa HaneTatOwero 

HOHa ne)I(HT s nnocKOCTH Ha4anbHOH op6HTbl Bb16usae~10ro 3JJeKTpOHa. CKopocTb vL 

Bbi6HTOro 3JieKTpOHa npH 3TOM MO)I(eT 6b1Tb npH6JlH)I(eHHO onpeneneHa no JaKOHaM ynpy­

roro pacceHHHH Hllpa Han eTatOwero HOHa Ha 3JJeKTpoHe [25] . 3To naeT vL = 2v Cos XL± vc, 

me v,. - npoeKUHH op6HTaJJbHO~i cKopocTH 3JJeKTpoHa B Ha4anbHOM cocTOHHHH I nlm) Ha 

HaHpaBJJeHHe HMnynbca k1_ Bbi6HToro 3JJeKTpoHa. Opu 3TOM JlJJH 3HepmH £L = mv~l 2 BbiJJe­

Teswero 11"3 2p0-COCTOH HHH 3JleKTpOHa nOJJY4aeM BeJlH4HHY pacwenJJeHHH 

L'l£1_ =:X( , .L I v0 )( vc I l'o) Cos XL· 4TO cooTBeTcTByeT seJJH4HHe L'l£L = I ,5 K3B JlJJH HOHH3aUHH 

aTOMa yrnepona HOHaMH KHcnopona c 3Heprr1ei1 E I M = I 0 M3B/HyKJJoH (eM. puc.3) . 

OnteTHM, 4TO senH4HHa pacwenneHHH L'l£L nponopuHOHanbHa cKopocTH v HaneTatOweii 

'laCTIIUbl II 3cpcpeKTIIBIIOMY JapHilY ;::~ HOHH3ye~10H 2p0-nono60JJ04KH. 

PacwenneHHe 611Hap 11 oro MaKCHMyMa IlJJH 2p0-nono6ono4KH MO)I(HO o6bHCHHTb H 6onee . . 
1 

cpopMaJibHO [ 12], JaMeTHB, 4TO ce4eHHe d-cr I d£LdwL s 6HHapHOM MaKCHMyMe 

11p0110pU11011aJJbHO npOeKLHIH nJJOTHOCTH pacnpeneneHHH HMnyJJbCOB k B Ha4aJJbHOM COCTO­

)IHUII 11a HanpaBJJeHHe p. 

C ysen114e11HeM yrna XL my6uHa nposana B xpe6Te s d2
cr I d£LdwL npu vL = 2v Cos XL 

liJJH Bblpb!Bai!HH 3JieKTpoHa HJ 2p
0

-cocTOHHHH 6btCTpo YMeHbwaeTcH . Opu XL= 30° H np11 

Bbi60pe OCH KBaHTOBaHIIH no HMnyJJbCY p HaJJeTatOIUerO HOHa A OT rny60KOrO nposana npH 

l 't = 21' Cos XL OCTaeTCH Jli!Wb neperu6 Ha KpHBOH (eM . pHC.4). 0pH Bbi60pe OCH KBaHTO-

BaHH)I TIO mlllyJibCY p Bbi6HTOrO 3JleKTpOHa pacwenJJeHHe 6HHapHbiX MaKCHMYMOB JlJlH 

IIOHHJawm 2p
0
-nono6on o 4KH npu XL= 30° ewe nocTaT04HO HpKO Bbtpa)l(eHO (eM. pHc .5) . 

o011ee 6b!CTpoe yMellbWe HHe rny6HHbl nposana IlJJH opHeHTaUHH no p c pocToM XL o6bHC­

If)leTcH 11p11MeCbiO 2p
1
-COl.TOHHHH, OnpeneneHHOrO B OpHeHTaUHH no HanpaBJJeHHIO k B CO­

OTBeTCTBIIII c (II) . 
~ 

B CTpyKType d""cr 8 I deL dw L HMeeTcH ewe OJlHH xpe6eT npu v L = v Cos XL' o6ycnosneH-

HbiH 6Jlii3KHMH CTOJIKHOBe HI1HMH 3JJeKTpOHOB HaJJeTatOwero HOHa A C 3JieKTpOHaMH aTOMa 

MltweHH B. Ero semt4HH a npHMepHo nponopUHOHaJJbHa NA' OH HC4e3aeT np11 HOHH3aUHH 

~ 

~utwe1111 HllpOM . OcHOBIIOi i BKnan s crcr8 j d£LdwL npu ' 'L = v Cos XL naeT BTopoe cnaraeMoe 
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s (8) . Op11 3TOM seni1'111Ha nepe,!laHHOH 3Heprn11 M s cj:>opMynax .!liHI CS51311 q, 11Mnym,ca k 
11 yrna 8 )lOJDKHa Sb!611paTbC51 B Sl1,!le (3): 

- 2 2 
fl.E=!A +l8 +kL / 2m+kA/2m, (19) 

r)le kA - 11MnynbC 3fleKTpOHa, Sbi611TOrO 113 HMeTa!OIUero 110Ha n 11 3neKTpOH-3fleKTpOH­

HOM CTOflKHOSeH1111; [A - cpe,!lH5151 3Hepm51 S036y)l(,!leHI151 HMeTaJOIUero 110Ha; [ B -

110HI13aUI10HHbiH noTeHul1an .!lfl51 cocT051HI151 I nlm) aTOMa B. Ecn11 YlJ I1Tb!SaTb s M TOnbKO 

nepsb!e Jisa cnaraeMbiX s (19), KaK 3TO o6b!'IHO ,!lenanocb np11 pac'!eTax nonHbiX ce'!eHI1H 

(JB S 110HI13aU1111, pac'!eT C 11CnOnb30SaHI1eM npas11na CYMM He ,!laeT MaKC11MYMa npH 

v L = v Cos Xc .[ln51 ynporueHH51 pac'!eTa Mbl npHH51nH kA = kL' 'ITO MO)I(eT npHSO.!lHTb K He-

cKomKo 3aHH)I(eHHbiM senH'IHHaM d2cr 8 / d£L roL np11 v L = v Cos XL 11 v L = 2v Cos Xc 

3asHCHMOCTb 6HHapHoro xpe6Ta np11 vL = v Cos XL OT Ha'!MbHoro cocT051HH51 I nlm) 

Sb!pb!SaeMOro 3fleKTpOHa Ka'leCTSeHHO TaKa51 )l(e, KaK 11 S 6 HHapHOM xpe6Te npH 

v L = 2v Cos Xc Jlb-3a KHHeMaTH'IeCKI1X oco6eHHOCTei1 pacce51HH51 'la_!::THU pasHoi1 MaCChi 

(25) Ha 3TOM 6HHapHOM xpe6Te•pacruenneHHe MaKCHMyMa B Ce'!eH HH ,!lfl51 2p
0

-COCT051HH51 

MeHbllle, '!eM np11 vL = 2v Cos Xc C.!lBHr 3Toro xpe6Ta B CTopoHy Me HbUIHX £L iaK)I(e MeHb­

llle, OH COCTaBn51eT npHMepHO 200 38 Ha pHC.3. 

CneKTpb! 3neKTpoHos s icr A/ d£LroL, Sbi6HTbiX H3 HaneTaJOruero HOHa A, MoryT 6b1Tb 

Sbi'IHCneHbl nO cj:>OpMynaM, aHMOrH'IHbiM (I )-(3) B CHCTeMe K OOp,!lHHaT, CS513aHHOH C 

HOHOM A, 11 3aTeM nepeC'IHTaHbl S na6opaTOpHy!O CHCTeMy (2,10). TipH 3TOM 3neKTpOHbl 113 

MaKCHMYMa np11 £L ~ 0 S ,!lSH)I(yiUeHC51 CHCTeMe o6pa3y!OT S n a6opaTOpHOH CHCTeMe 

MaKC11MYM np11 v L = v 11 np11 MMbiX yrnax Xc 3neKTpOHbl 113 6HH apHoro MaKC11MYMa np11 

v A = 2v Cos XL s ,!lSI1)1(Ylllei1c51 CHCTeMe nonYlJaT s na6opaTopHoi1 CHCTeMe cKopocTb v L = v 11 

yron SbJneTa XL= 1t- 2XA . 3neKTpOHbi 113 611HapHoro MaKCI1MyMa n 11 v A = 2v Cos XL 6y.!lyT 

11MeTb s na6opaTopHoi1 CI1CTeMe CKOpOCTb vL = v Cos XL' r,!le XL= 1t / 2- X· 

Cne,!losaTenbHO, 3neKTpOHbi H3 nepsbiX ,!lsyx MaKC11MYMOS H3 HaneTaJOruero 110Ha o6na­

JiaJOT cKopocTb!O v L = v 11 np11 XL"# 0 o6pa3yJOT s na6opaTopHo i1 CHCTeMe OT,!lenbHbiH 

MaKC11MYM . flHUib np11 XL~ 0 3TH 3neKTpOHbi nona,!laJOT s TY )l(e 6naCTb vL 11 XL' 'ITO 11 

3neKTpOHbi 113 aToMa MHUieHH c vL = v Cos Xc Ho s 3Toi1 o6nacTH c opocTei1 vL = v 11 yrnos 

XL ~ 0 3neKTpoHoB 113 HaneTaJOruero 11oHa 3Ha'IHTenbHO 6onbUie, 11 sKna,!lOM 3neKTpOHOB 113 

aTOMa MI1UieHI1 MO)I(HO npeHe6pe'lb. TaKHM o6pa30M, 11 B o6naCTH CKOpOCTeH 3fleKTpOHOB 

V L ~ V Ha6nJO)laeTC51 '!aCTI1'1HOe pa3,!leneHI1e 3neKTpOHOS, o6ecne'IH Sa!OIUee np11MeHI1MOCTb 

11CnOflb3yeMbiX np116fll1)1(eHI1H. 

C pOCTOM CKOpOCTI1 V CTOflKHOSeHI151 see YKa3aHHbie MaKCHMYM I CTaHOS51TC51 see 6onee 
Sblpa)l(eHHbiMI1, npOSMbl Me)I(Jly HHMI1 - UI11pe 11 rny6)1(e . TipH 'leTKOM pa3,!leneHI1H MaK­

CHMYMOS npe,!lflO)I(eHHbiH S (1-5) MeTO,!l pac'!eTa ,!lOfl)l(eH ,!laBaTb KOfll14eCTBeHHOe OnH­

CaHI1e 3neKTpOHHbiX CneKTpOS pa3nH'IHbiX napTHepOS S HOHHO-aTOM HbiX CTOflKHOBeHH51X. 

l13 np11Se,!leHHbiX ShiUie pe3yflhTaTOS pac'leTa SH,!lHO, 'ITO S 3fleKTpOHHhiX cneKTpaX HMe­

IOTC51 3Ha'II1TeflbHbie o6naCTH 3Hepru11 £L' S KOTOpbiX SKfla,!l SHyTpe HHX o6ono'!eK He 51Bfl51-

eTC51 MMbiM no cpasHeHHIO co sKna,!lOM sHeUIHI1X o6ono'leK. B o6n acTH 3Hepmi1 £L 11 yrnos 
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., 
XL MelKllY MaKCHMyMaMII ce4eHui1 d-a

8
/ d£LdwL BKJJan Ha pHc.3-5 sHyrpeHHeH o6oJJ04KH 

Is npeBbJWaeT BKJiall 2p-o60JJ04KH . no3TOMY npH pac4eTax 3JieKTpOHHbiX cneKTpOB Heo6-
X01lHMO Y4HTbJBaTb BKJi all BCeX 060JJ04eK. npu 3TOM nOJJHOe Ce4eHHe (J BblpblBaHHll 3JJeKT­
pOHOB H3 Js-o60JJ04KH MHOfO MeHbWe COOTBeTCTB)'KllUHX Ce4eHHH llJI.ll 2s- H 2p-060JJ04eK, 
TaK KaK fJJaBHbiH BKJi all B nOJJHbJe Ce4eHH.ll llaJOT 3JJeKTpOHbl C MaJJOH 3HeprneH £L, rne 

BeJJH4HHa Jla8i d£LdWL LUl l! Js-COCTOliHHll MaJJa, 3TO BHllHO H3 Bpe30K Ha pHC.3-5 H pHC.6. 

CospeMeHHbie 3KcnepHMeHTaJJbHbJe MeTOllHKH noJBOJJliJOT nposepHTb TO'IHOCTb TaKHX 
paclJeTOB H yr04HHTb HX o6JJaCTb npHMeHHMOCTH, n03TOMY 3KCnepHMeHTaJJbHOe HCCJJe)lO­
BaHHe oco6eHHOCTei1 3JJ eKTpOHHbJX cneKTpos, HX JaBHCHMOCTb OT cocTO.liHH.ll I n/m) Bblpbl­
saeMoro 3JJeKTpOHa H CTeneHH HOHH3aUHH (;:A-NA) HOHH3YJOlllefO HOHa .liBJJ.lleTCll OC06eHHO 

aKTYaJJbHbiM . 

JlHTepaTypa 

I. Kaminsky A.K., Myakishev N.G. , Popova M.I.- J. ~hys . B, 1980, v.16, p.ll61. 
2. Kaminsky A.K. et at. - Nucl. 1nstrum. Meth., 1981, v.180, p.231. 
3. Day M.H.J.- J. Phys. B., 1981 , v.l4, p.231. 
4. Kaminsky A.K., Popova M.l.- J. Phys. B, 1982, v.15, p.403 . 
5. KaMHHCKHH A.K., n onosa M.Y!.- )KT<l>, 1986, T.56, sbm.7, c.1287. 
6. Kaminsky A.K., Lovtsov S.Y. , Popova M.l.- Phys. Lett. A, 1977, v.61A, p.308 . 
7. KaMHHCKHH A.K. - KpaTKHe coo6lUeHHll OY!51Y! , N~1[81]-97, lly6Ha, 1997, c.65 . 
8. llasbJllOB A.C.- KsaHTOBa.ll MexaHHKa, 1963, M.: fY!<l>MJl, c.478. 
9. Edmonds A.R. - Angular momentum in quantum mechanics. Princeton University 

Press, Princeton, 1957, p.57 . 
10. Wilson W.E., Toburen L.H . - Phys. Rev. A, 1973, v.7, p. l535 . 
II. Toburen L.H.- Phys . Rev. A, 1971, p.5, p.216 . 
12. Omidvar K., Kyle H.L., Sulliv"an E.C.- Phys. Rev. A, 1972, v.5, p.ll74 . 
13. Sevier K.D. - Atomic Data and Nuclear Data Tables, 1979, v.24, p.323. 
14. Carlson T.A. et al. - Atomic Data, 1970, v.2, N~2. p.63 . 
15 . International tables for X-ray crystallography . Kynoch Press, Birmingham, England, 

v.3, 1968. 
16. Drepper F., Briggs J.S. - J . Phys. B, 1976, v.9, p.2063 . 
17. Kaminsky A.K., Popova M.I. - XIII ICPEAC, Abstracts of contributed papers, 

Berlin, 1983, p.368. 
18. Biirgdorfer.- Phys. Lett., 1983, v.51, p.374. 
19. Bock! H., Spies R., Bell F., Jakubassa-Amundsen D.H. - Phys. Rev. A, 1984, v.29, p.983. 
20. Sakardi L., Bossler J., Hipper R., Lutz H.O. - J. Phys. B, 1983, vol.l6, p.71. 
21. Dunkan M.M., Menendez M.G., Hopkins J.H.- Phys. Rev. A, 1984, v.300, p.655 . 
22. Bransden B.H ., Smith J.J ., Winters K.H.- J. Phys. B, 1978, v.11, N~17, p.3095. 
23 . Biswas R., Sinha C - J. Phys. B, 1995, v.28, p.1311. 
24. Biswas R., Sinha C - Phys. Rev. A, 1995, v.51, p.3766 . 
25 . JlaHaay Jl .ll., 11~-tcpwHu E.M. - MexaHHKa. M.: fY!<l>MJl, 1958, c.60. 

PyKonHCb noCTynHJJa 8 HJOH.ll 1997 roaa. 



KpamKue coo61J4eHUR OJ1JJJ1 Ng4[84]-97 J/NR Rapid Communications No.4[84]-97 

YAK 539.12.01 

A STUDY OF THE TWO-PHOTON INTERACTIONS TAGGED 

AT AN AVERAGE (Q 2) OF 90 GeV2 

B.Batyunya, V.Pozdnyakov* 

Multihadronic tagged two-photon events were used to make a prelimi nar5' measurement of 

F l The 102.7 pb-1 integrated luminosity data were unfolded to correct the data ?n the 

experimental effects . The measured F J agrees well with the predictions based on the naive 

quark-parton model and QCD as well. The result on the Q 2 evolution of the photon structure 
function is presented. 

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

lhMepeHHC ~uyxcpOTOHHbiX B33HMO~CHCTBHH 

npH cpe~HCM 3H3'1CHHH (Q 2) = 90 f3B 2 

E.EamwH.Jt, B.llo30H.JtK06 

MyllbHiaJtpOHHbie AByxcpOTOHHbie C06biTIDI (cneUIIaJibHO OT06paHHble) IICOOJib30BaJIIICb Allll 

113MepeHIIll cpyHKUIIII Fl 3Kcnep11MeHTaJibHbie AaHHbie, COOTBeTCTBYIO!UIIe IIHTerpaJibHOH 

CBeTI!MOCTII 102,7 n6-J, 6hUlll CKOppeKTIIpOBaHbl C OOMO!UbiO npoue.Ltypbl aHcpOJIAIIHra Allll 
)"leTa 3cpcpeKTOB 3KcnepHMeHTaJibHbiX IICKaJKeHIIH. 11JMepeHHOe JHa'leHI!e xopowo comacyeT­
Cll C npeACKa3aHHbiM Ha OCHOBe Hai!BHOH KBapK-napTOHHOH MOAMI! II KXJl. npeACTaBJieH 

TaKJKe peJyJihTaT Q 2 -3BOJIJOUIIII CTPYKTYPHOH cpyHKUIIII cpoTOHa. 
Pa6oTa BbinOJIHeHa 8 na6opaTOp1111 Bb!COKIIX 3Heprnu 0115111. 

The reaction e + e- ~ e +e-x, where X is a multihadronic system produced by the 
collision of two photons coming from the beam particles, was studied under experimental 
conditions, where one of the scattered leptons was detected (tagged) in the Forward 
ElectroMagnetic Calorimeter (FEMC) of the DELPHI set-up (Figure 1). Another scattered 
lepton was undetected and corresponding photon could be assumed to be almost on-shell 

*Istituto Nazionale di Fisica Nucleare, Sezione di Milano, Milano, Italy. On leave from JINR 
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electron 

2 2 Q = -ql 
2 2 

W'rr=(ql+q2) 
2 2 

p = -q2 
q2 

---~~1}-~qg~ ___ f!~!!~l}_g __________ _ 

positron 

Fig. I. Feynman diagram of two-photon interaction 

., 
(q; ::::: 0). If the transferred four-momentum q 1 is large enough, the process is viewed as the 

deep inelastic scattering (DIS) of the tagged lepton off the quasi-real target photon. 
The cross section of the process is : 

dcr 4mx:?.£ 
dE d cos (9 ) = Q4 tag [(I+ (I- Yl)FY2(x, d) -lF (x Q

2
)] 

~ ~ y L ' 
(I) 

with 

y =I- Eta/ Eb cos
2 

(9/2), 

_ _d 
x-rol 2' 

!,!+W yy 

d = 4Et Eb sin
2 

(9t / 2) . ag ag 

E and 9 are the energy and scattering angle of the tagged lepton, respectively; Eb is the tag tag 

beam energy; W YY is the invariant mass of produced hadron system; F 2(x, d) and 

FJr. Q2
) are structure fu nctions . Experimentally, a scattered lepton is tagged in FEMC at 

relatively large angles . Taking into account that (y) ::::: 0.15 under experimental conditions, 

the cross section of the process is defined mainly by the structure function F i· 
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The theoretical basis of the photon structure function can be found elsewhere [I], the 

technique of the experiment on FJ measurement is described in [2,3] . F ~ is the unique 

object. It is described in the perturbative QCD with high accuracy without any 

phenomenological assumptions. This fact isolates F 1 among other objects of hadron 

physics (including the proton structure function) and determines importance of any new 
results of its experimental study . 

F 1 cannot be directly measured, since a part of produced had rons escapes undetected 

in and around beam pipe so that the detected x vis distribution must be unfolded to a 

produced xtrue· The unfolding algorithm is described in [4]. Test of a relevant program 

realizing this algorithm are presented in [2] . They have shown that the DELPHI 
experimental conditions allow one to reach a stable unfolded resul t. 

A detailed description of the DELPHI detector is given in Ref. [5]. Here we mention 
that the Forward ElectroMagnetic Calorimeter (FEMC) is located from 10 (143 .5) to 36.5 
( 170) degrees of polar angle and the calorimeter consists of two 5 m diameter disks of a 
total of 9064 lead glass blocks. In order to select two-photon events tagged in FEMC, the 
following selection criteria have been used: · 

• There is a cluster of adjacent FEMC blocks with energy deposition greater than 
30 GeV, while there is no cluster with energy greater than 15 GeV in the opposite arm of 
FEMC; 

• There is no particle detected in the DELPHI luminosity monitor with the energy 
greater than 20 GeV ; 

• At least 3 charged tracks with momentum greater than 0.4 GeV and polar angles e 
between 20° and 160° are required. The error in the momentum h s to be less than 100%, 
while the impact parameter has to be smaller than 4 em in Rlj> and I 0 em in z; 

• The invariant mass W of the system (excluding tagged cluster) has to be greater than 
2.0 GeV . W has been calculated using the pion mass assumption for charged particles and 
the zero mass for neutrals detected in HPC (threshold was set to 1 GeV) and FEMC 
(0.5 GeV threshold) . 

In order to remove the background coming from Z 0 produced events the additional criteria 
were used: 

• variables* NTMB ~ 0.2 and NLMB :?: 0.6; 
• the sum of charged particle momenta in the event was lower than 20 GeV; 
• the polar angle of the tagged cluster was below 17 degree; 
• the thrust (excluding the tagged cluster) was required to be smaller than 0.99. 
It was checked that there was no essential disagreement between 1991-1994 data. The 

data were united into one sample. The requirement of the large energy cluster in the FEMC 
results in the efficiency to trigger Yf events to be close to 100%. 

*Normalized Longitudinal Momentum Balance (NLMB) and Normalized Transverse Momentum Balance 
(NTMB) are defined as follows: 

tag ~ i ,hadron 
NLMB = sign (p~ag) Pz + ~z (2) 

NTMB = I I PT.tag + LiPi.hadron I I . 
Eb 

(3) 
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On applying the above cuts , there were selected 192 events at the average 

Q2 ~ 90 GeV2
. The bac kground from the Z 0 produced events estimated to be (16 ± 3) 

events, while the other sources of the background like t pair production (both in two­

photon and annihilation reactions), Bhabha events and beam-gas interactions were estimated 

as negligible . 

A two-component model was used for the yy event simulation. The naive quark parton 

model (QPM) describes a perturbative term of the process, where a photon splits into a 

quark pair (the point -li ke term) . QCD corrections in leading order were included as 

calculated in the paper [61 based on Field-Kapusta-Poggioli approach [7] (the so-called 

FKP parametrization of the photon structure function) for light quark production . The non­

perturbati~e part describing a bound state in the photon-quarks coupling (the hadron-like 

term) was introduced through generalized vector dominance model (GVDM) . The study of 

F ~ improves the understanding of the transition region between perturbative and non­

perturbative regimes of the two-photon interactions. 

The TWOGAM yy event generator [8] was used to produce quark pairs, while the 

JETSET7 .3 string fragmentation scheme was used for the . fragmentation of the produced 

quarks . The generated events were passed through the DELPHI detector simulation program 

and then through the reconstruction program developed for the real data processing. 

The intluence of radi ative corrections on the target two-photon process was studied by 

comparing differential di stributions and total cross sections obtained with TWOGAM event 

generator (without corrections) and BDK generator [9] (which takes into account the 

initial/final state radiation ). The effect of the corrections was found below 2%, which value 

is small compared to the statistical errors in experimental data. 

Comparison of data d istributions and simulations for the charged multiplicity, invariant 

mass of the hadronic system, energy of the target lepton, charged particle transverse 
~ 

momentum, Q- and x .· is shown in Figures 2(a-f), respectively . The data distributions are 
\I ~ 

shown by bars, while solid (dashed) histograms represent the simulation of 

QPM + GVDM +remaini ng background of Z 0 (QCD + GYDM + Z 0) events. The contri­

bution of the Z 0 produced events is shown on each plot by hatched histogram. Numerical 

values of the model predictions are (84 ± 6) for QPM (light quarks), (93 ± 5) for the QCD 

corrections (the production of light quarks), (43 ± 4) for the charm contamination and 

(47 ± 3) for GYDM . 
The satisfactory agreement between the data and simulated distributions shows that the 

two-component model is good enough to be used for both the unfolding of the data and the 

measurement ofF~ - Let u ~ remind that the simulation of the events generated with an input 

F ~(x) is used to get the correlation between << Visible >> and <<true» x values. The details of 

how it works can be found in [2[ . 
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Fig.3 . Unfolded F ~ for light quarks 

The unfolded F ~ for the light quarks* is presented in Figure 3 together with F ~ 

dependence within the framework of QPM (QCD) drawn by solid (dashed) line. Within the 

measurement errors, F ~ agrees with both naive quark-parton model predictions and QCD 

based calculations as we ll . 

The present measurement allows one to check QCD prediction on Q2 evolution of the 

F ~- Figure 4 (adapted from [2]) shows F ~ averaged for x between 0.3 and 0.8 for the 

different mean values of Q2
. 

One has to note that the present result is different from the obtained earlier for the 
1 , 

mean value Q- equal to 12 Gev- [2] . The latter measurement has shown that the QPM 
based prediction underes timates the visible cross section (number of selected events) at , 
lower values of Q-. Moreover the QCD based prediction, being in agreement with the data 
on the number of selected events, has shown a marked difference in the charged multiplicity 

*Tht: chann quark contamination was considered as a background and subtracted from the data according to the 
QPM pr.:di<:tion . 
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distributions for both data and simulation . It was mentioned [2) that such difference comes 
from the gluon emission for small x . The present analysis is less sensitive to the low x 

behaviour of F ~ since most of the selected events come form the x domain greater than 0.1 . 

Thus we consider the present result as an indirect proof of the effect of the gluon emission 
on the produced multihadronic final state . 

Here we present the preliminary results of the use of HERWIG event generator [IO] for 
DIS in an e- y mode This generator emphasizes the perturbative description of jet 
evolution with some clu ster model for fragmentation . Figures 5(a-b) show the distributions 
of the charged multiplic ty of the data events (drawn by bars) and the simulation made with 
HERWIG (solid histogram) and TWOGAM (dashed) event generators . The HERWIG event 
generator gives higher multiplicities and, as a consequence, a smaller thrust, i.e., the 
detected i!:Jvariant mass is shared between a larger number of particles . 

In summary, the preliminary measurement of F~ at the average Q2 of 90 GeY 2 is 

presented. The result is consistent with the QCD based predictions for behaviour and Q2 

evolution as well. Two event generators , TWOGAM and HERWIG, were used for the 
comparison of the data and simulation events tagged in FEMC. The preliminary conclusion 
is that the HERWIG's approach for the description of the h~drqnic final state gives a better 
result . Additional work is needed for the study of systematic errors of the photon structure 
function measurement. 
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CLUSTER AND SINGLE-PARTICLE DISTRIBUTIONS 
IN NUCLEUS-NUCLEUS INTERACTIONS 

B.A.Kulakov, ].Karachuk 

Relativistic nuclear reactions, 1t-- C (pbeam = 40 GeV/c), Mg- Mg (pbeam = 4.5 A GeV/c), 

and C- C (pbeam = 4.2 A GeV/c), are compared by using Lorentz-invar iant variables b;k. 

These variables are used to compare and classify nuclear reactions of various types in a wide 
range of energies. Different algorithms of clusters separatioR in the four-velocity space are 

compared. Experimental distributions are analysed by means of invariant var iables in the space 

to understand the difference of behaviour of particles and clusters for these reactions . Uni.versal 

properties of hadron clusters are presented. 

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

KJiacTepHble u O.li.HoqacTnqHbie paciipe.!J.eJieHHH 

B H.!J.pO-H.!J.epHbiX B33HMO.ll.eHCTBHHX 

H.A.KyllaKO«, IO.KapartyK 

npoBelleHo cpaBHeHHe Pe.JJliTHBHCTCKHX llllepHbiX peaKUHH 1t- - c (pii}'IOK = 40 f3B/c), 

Mg- Mg (pnY"o• = 4,5 A f3B/c) H C - C (p11Y'•o• = 4,2 A f3B/c) c noMOUihiO nopeHU­

HHBapHaHTHhiX nepeMeHHbiX bik . 3TH nepeMeHHbie HCfiOJib3YIOTCJI llJill cpaBHeHHJI H 

KJiaCCH<jJHKaUHH JlllepHbiX peaKUHH pa311H'IHbiX THfiOB B WHpOKOM llHafiaJOHe 3HeprHH. npoBe­

JleHO CpaBHeHHe pa3HbiX anropHTMOB pa3lle.JJeHHJI KJiaCTepOB B npOCTpaHCTBe 'leTbipeXMepHbiX 
CKOpOCTeH. 3KcnepHMeHTanbHble pacnpelleJieHHJI 6bUIH npOaHanH3HpOBaHbl C fiOMOUibiO HHBa­

pHaHTHbiX nepeMeHHbiX B 3TOM npOCTpaHCTBe llJill BbiJICHeHHJI pa3HHUbl B fiOBelleHHH 'laCTHU H 

KJiaCTepOB B 3THX peaKUHJIX. npellCTaBJieHbl YHHBepCanbHbie CBOHCTBa allpOHHbiX KJiaCTepOB. 

Pa6oTa BbinOJIHeHa B Jla6opa"I:OpHH BbiCOKHX 3Heprni1 0J.UIJ1 . 

1. Introduction 

In [1-2] various hadron-hadron and hadron-nucleus reactions were analysed and it 

was proved that some properties of the hadron clusters do not depend either on the colliding 
objects, or on the incident momentum. In this paper we try to extend these investigations 

to nucleus-nucleus interactions at pine ~ 4 momentum. 

The method used in this article is based on the possibility of describing any nuclear 
reaction in the four-velocity space [ 1-2]. 
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Every particle i is characterized by the vector 

A [ X r : l p E. p . p . p . 
' - A Q X r : I I I I I 

u. = (u . , u ., u . , u.) =- = -, -, -,-
1 1 1 1 1 m . m . m . m. m. 

I I I I I 

(I) 

h. h . d. . . . . h . A £ 2 2 2 h A 2 I Th d. w 1c m 1cates 1ts pos1 t1on m t IS space. s i - P; = mi, we ave ui = . e 1stance 

between two points in this space is called a relative invariant velocity and is defined as 
follows 

A A ') A A 

bik = -(u;- ukr = 2(uh- I). (2) 

These Lorentz-invariant variables can be used to classify the nuclear processes [ 1-2]: 

For bik << I the hadrons can be treated as quasi-particles of nuclear matter; 

For bik- I the hadrons lose their individuality and the quark degrees of freedom 

become important; 

For bik >> I the hadrons should be considered as quark-gluon systems. 

The invariant variables in the four-velocity space can be used to formulate in a simple way 
such general laws as the correlation depletion principle [ 4] as well as to separate hadron 
clusters by means of. algorithms independent of the reference frame [ 1-3,5]. 

In this paper we shall use the single particles and clusters invariant distributions to 
analyse different nuclear reactions: 

1t- - C at ph = 40 Ge V /c; 8791 events were registered in the propane bubble 
eam • 

chamber; both positive and negative pions were measured [8]; 

C - C at ph = 4.2 A Ge V /c; 21439 events were obtained in the propane bubble 
eam 

chamber; 1t+ and 1t- mesons were measured [6]; 

Mg- Mg at ph = 4.5 A GeY/c; 14218 central interactions were registered in the 
eam 

streamer chamber: only 1t- mesons were measured [7] . 

Pion clusters in Jt- - C at ph = 40 GeY/c were investigated in [1-2,8]. It was 
eum 

shown that for this reaction the asymptotic regime corresponding to large bik values and 

clear separation of clusters is reached. In this paper we shall compare those results with the 
ones obtained for Mg - Mg and C- C reactions at pb - 4 A GeY/c. These reactions 

eam 

correspond to the intermediate region bik - I. This is why we think the comparative ana-

lysis would be very interesting. 
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2 . Single Particle Distributions 

We define the scalars XB and XT, which represent the part of the beam and target 
I I 

four-momenta carried by the secondary particle i. 

As in [1-2] we estimate them: 

" " " " B P;PT m;u;'ur 
X . =~= A A 

1 PsPT mBuB·uT 
(3) 

(4) 

where p8(~8) , pyC~T) are the four-momenta (four-velociti~s) of the bea!ll and the target. 

These variables enable us to separate the fragmentation regions of the colli~ing objects. 

In Figures 2a, 2b and 2c we present XB - XT (XB - XT) plots for pions in the reactions 
I I 

Mg - Mg, C - C and 1t- - C. 

As one can see, for nucleus-nucleus collisions, the picture is similar irrespective of the 
mass number A. For both Mg- Mg and C - C reactions the particles cannot be found close 

to the axes, and the empty region gets larger when the XB and XT values grow. 
I I 

It is also seen that the difference between these ones and the 1t--nucleus reaction is 

significant. In this case the pions are close to the axes and remain close when the XB and 
I 

xr values grow. 
I 

XT XT 
1 

ll.l 

o .. Mg - Mg 4.5 GeV/c ll.l · ~- C 4.2GeV/c 

0.7 

... 
ll.l 

... 

.... 

.... 
0.1 

XB XB 

Fig.2a Fig.2b 
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XT 
~-----------------------. 

0 .1 

0 .1 n -c 40 GeV I c 

0 . 1 

0 .1 

0.4 

0 . 1 

XB 

Fig.2c 

We cannot say whether this happens due to the difference of incident impulses or 
because of different projectiles . 

It is interesting to compare the pion distributions around the primary objects for dif­
ferent reactions . The distances from the pion i to the target and to the beam are 

T A A 2 A A 
bi = -(u;- uT) = 2(u;·ur- I), (5) 

8 • I\ I\ 2 I\ I\ 

bi = -(ui- u8 ) = 2(u;'u8 - 1). (6) 

The invariant cross section E ;d cr can be expressed as a function of these variables 
I P; 

[ 1-2]. If we integrate o ver the solid angle, we obtain the following functions 

T I 
F<b;) = cr 

dcrdQ . 
I f _1') 

n m-:- - f (bT/ dbTdQ 
I -\J 1 bT I I 

-4-+ i 

for the particles belonging to the target fragmentation region and 

F(b;
8

) = _crl f 2
2 ~(b8)2 --- db 8 dQi 

n m . . 8 I 
>< I ---'-+b. 

4 I 

dcrdQ . 
I 

for the beam region . 

(7) 

(8) 



Kulakov B.A .. Karachuk J. Cluster and Single-Particle 49 

Table 2a 

Reaction Fit parameters Target fragmentation Beam fragmentation 

AI 0.13 ± 0.01 0.13±0.01 

Mg-Mg ti 2.67 ± 0.05 2.51 ± 0.04 
at 4.5 GeV/c 

A2 0.82 ± 0.03 0.75 ± 0.02 

(2 1.15±0.03 1.12 ± 0.03 

Table 2b 

Reaction Fit parameters Target fragmentation Beam fragmentation 

AI 0.32 ± 0.03 0.08 ±0.02 

C-C (I 2.18±0.04 2.50 ± 0.09 
at 4.2 GeV/c 

A2 0.28 ± 0.03 0.60 ±0.02 

t2 1.07 ±0.09 1.36 ± 0.03 

Table 2c 

Reaction Fit parameters Target fragmentation Beam fragmentation 

AI 0.010 ± 0.001 0.005 ± 0.002 

(I 11.1 ± 0.3 56±4 

A2 0.145 ± 0.005 0.021 ± 0.001 
rt- C 

at 40 GeV/c (2 4.7±0.1 27 ±2 

A3 0.24 ± 0.02 0.037 ± 0.004 

t3 1.02 ± 0.09 5.0 ±0.6 

These functions can be described as a sum of exponentials 

-x -X -X 

(9) 

Tables 2a, 2b and 2c show the values obtained for the A . and t . coefficients as results 
l l 

of fitting. 

These results show again the similarity between the Mg - Mg and C - C nucleus­

nucleus reactions. For the 1t- - C reaction the coefficients are different from the nucleus­
nucleus ones and in this case we can also see the difference between the fragmentation 

regions ·of the incident 1t- and of the target. 



so Kulakm· B.A .. Karachuk 1. Cluster and Single-Particle 

3 . Clusters in the Four-Velocity Space 

According to [ 1-3 ,5], a group of secondary particles, c lose to one another in thi s 
space, will be called a duster. The cluster a contains 11 particles characterized by their 

A a 
four-velocities ~ . . The c luster axis V is 

1 a 
a 

II 
a 

A I ui 
a i = 1 

v.=~· 

We can write the distance between a cluster particle and its axis as follows 

A A 2 
b = -{V -II ) 

ak a k 
a a 

(10) 

(II ) 

The cluster width is represented by the mean value of this variable . The distance between 
clusters is written as 

' A · A 
2 

ba~ = -(Va- V~) . (12) 

The clusters are clearly separated if the distance between them is larger than the sum of 
their widths. 

The first algorithm to create clusters used in this paper was proposed in [1-2]. 
This algorithm can be applyed if the number of secondary pions n ± ~ 4. 

7[ 

All the 11 secondary particles are supposed to belong either to the beam or to the target 
fragmentation regions, so they can be divided into two clusters: a and p, which contain 
na and 11~ particles respectively (11a + 11~ = n) . From all the possible ways to divide these 

particles one has chosen the variant leading to the minimization of the following functional 

[ 
"a 

11

~ 1 II . A A2 A A2 
A, = mm - I (V - 11 ) - I (VR - 11 ) . - a I p I 

i = 1 a i = 1 ~ 
a ~ 

(13) 

We shall take into consideration only those events which satisfy the conditions ba~ > bmin' 

where b . is given and means the smallest value for the distance between the clusters 
mm t 

which are considered sti ll clearly separated . For 1t- - C at 40 GeV/c we take b . = 10, 
· mtn 

while for Mg - Mg at 4.5 A GeV/c and C- Cat 4 .2 A GeV/c, the parameter b . is equal 
mm 

to 5. 
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3.1. Pion Cluster Distributions . The clusters are considered as f ur-dimensional objects 
and the same variables can be defined for them as for the particles . 

Variables X~ and X~ for cluster a have the same meaning as for particle i (3-4). 

where Ma is the effective mass of cluster a. 

I\ I\ 

M v ·U a a B 

(14) 

(15) 

In Figures 3.1 a, 3.1 b and 3.1 c we present the XB - XT(Xieam - X~arget) plots for the 

pion clusters separated by using the algorithm described above. 

For 1t-- C, the beam and target fragmentation regions are clearly separated from one 

another. For nucleus-nucleus reactions the clusters cannot be found close to the axes, as in 
the case of single-particle plots. For Mg - Mg one can observe concentrations of points 
corresponding to the beam and target fragmentation regions; the separation is not distinct 

as for 1t- - C. For C - C the fragmentation regions are more difficult to observe because 
the number of separated clusters is smaller. 
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Considering the distance from clu ster to the primary particles, b~ and b~. functions 

F(bT) and F(b 8 ) can be determoned in the same way as for the single particles (7,8); 
a a 

2 I 
T _ _.!._J - ~2 

F(ba)- cr M2 (ba) bT 
n a - + a 
• 4 

2 I 
8 - _.!_ f --2 ~2 

F(ba)- cr M (ba) bB 
n a - + a 

4 

dadO. a 

db~dO.a' 

dadO. a 

db~ dO. a 

(16) 

(17) 

Tables 3.1 a. 3.1 b and 3.1 c present the slopes for the pion clusters in the fragmentation 
regions of the target and the projectile. 

The difference between the hadron-nucleus and nucleus-nucleus reactions is significant, 
as well as for single particles . 

We also notice the difference between the nucleus-nucleus reactions Mg- Mg and 
C - C. As we mentioned before, for C ~ C less clusters can be separated, because of lower 
multiplicity . For Mg - Mg we have more particles in the final state as the streamer chamber 
makes it possible to select central collisions. 

3.2. Asymptotic Properties of Pion Clusters. In [ 1-2] it was shown that the cluster 
width becomes constant ((bk ) = 4) for large enough values of the energy -.fs'; the asymptotic 

regime is reached for 1t- - C at pb = 40 GeY/c. 
eam 
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Table 3.1a 

Reaction Fit parameters Target fragm. Beam fragm . 

A1 0.34 ± 0.09 0.12 ± 0.08 

Mg-Mg II 1.6 ± 0.1 1.7 ± 0.3 
at 4.5 GeV/c 

A2 0.71 ± 0.08 1.08 ± 0.07 

12 0.6±0.1 0.72 ± 0.06 

Table 3.1b 

Reaction Fit parameters Target fragm. Beam fragm . 

C - C A, 0.90±0.05 0.88 ± 0.05 
at 4.2 GeV/c 

ll 1.05 ±0.04 1.07 ±0.03 

Table 3.1c 

Reaction Fit parameters Target fragm. Beam fragm. 

A, 1.00±0.08 0.10±0.01 

n-c II 0.54 ± 0.05 11.1 ±0.3 

at 40 GeV/c 
A2 0.23 ± 0.03 -

f2 2.0±0.1 -

In Fig .3.2 we illustrate the dependence of the cluster width (bk) on the energy .fS for 

different nuclear reactions. 
As one can clearly see, the nucleus-nucleus reactions Mg-Mg and C-C at 

pb - 4 A Ge V /c are localized in the pre-asymptotic region. 
earn 

3.3. Comparison of Different Algorithms. In paper [3] we have described a new cluster 
finding algorithm: 

The clusters are defined as groups of particles satisfying the following condition: for 
every pair in the group the distance between two particles bik is smaller than the given value 

b
0

. For all the reactions we have used 4. 

The main difference between this algorithm and the previous one lies in the possibility 
of getting any number of clusters . Besides, there are also particles which do not belong to 
any cluster. It would be interesting to compare the clusters created by means of different 
algorithms. 

Tables 3.3a, 3.3b and 3.3c show the slopes of the invariant functions for the clusters 
separated with the help of these two different algorithms . 
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0 C-C at P=4.2 A GeV/c beam fragm. 

... c-c at P=4.2 A GeV I c target fragm . 

0 Mg-Mg at P=4.5 A GeV/c beam fragm . 

e Mg-Mg at P=4.5 A GeV/c target fragm. 
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10 10
2 
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Fig.3.2 

Table 3.3a 

Target Target Beam Beam 

A ~ b;k $ bo A~ b;k $ bo 

0.34 ± 0.09 0.77 ± 0.01 0.12±0.08 0.34 ± 0.01 

1.6 ± 0.1 1.32 ± 0.01 1.7 ± 0.3 2.57 ± 0.02 

0.71 ±0.08 - 1.08 ± 0.07 -

0.6 ± 0.1 - 0.72 ± 0.06 -

Table 3.3.b 

Target Target Beam Beam 

A2 b;k $ bo A~ b;k $ bo 

0.90 ± 0.05 0.90 ±0.02 0.88 ± 0.05 0.40 ± 0.01 

1.05 ± 0.04 1.1 ±0.01 1.07 ± 0.03 2.31 ± 0.03 

For the 7t- - C reaction, the results do not significantly depend on the algorithm. For 

the nucleus-nucleus reactions the coefficients are close for the target fragmentation region, 

while they are different for the beam fragmentation region . 
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Table 3.3c 

n-c Target Target 

at 40 GeY/c 
A~ b;k $ bo 

A1 0.86±0.11 1.3 ± 0.2 

II 0.69 ±0.09 0.59 ± 0.07 

A2 0.14 ± 0.06 0.09 ±0.03 

t2 2.20 ± 0.20 2.37 ± 0.03 
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Beam Beam 

A~ 
----~------------

1.0 

10.0 ± 0.3 

0.10 ±0.01 

8.6±0.5 

4 . Power Dependence of the ba~ Distribution 

The relative invariant velocities bik can be used to 'describe a y 'nuclear reaction. The 

experimental results have shown that the secondary particles are emitted mainly in the 
fragmentation regions of the primary particles, so, they can be separated into two inde­
pendent groups (clusters), a and ~ - According to the automodelity nd correlation depletion 
principles, the multiple production cross section can be expressed as follows [ 4]: 

(18) 

where ba~ is the distance between the clusters (12) . 

As the distance between clusters is large enough (b a~> 1 0) this distribution is 

described by a power function: 

I dN A 

N dba~ 
(19) 

Table 4, shows the values of the m parameter obtained for various reactions and dif­
ferent algorithms to separate clusters. 

It is very interesting that the parameter m has almost the arne value for different 
reactions, irrespective of the algorithm used to separate the clusters. 

Mg- Mg at 4.5 GeY/c 

C- Cat 4.2 GeY/c 

n-C at 40 GeV/c 

Table 4 

3.6±0.3 

3.9±0.1 

3.0±0.1 

3.2 ± 0.1 

3.5 ±0.2 

2.9±0.2 

• lr 

II 

I! 
II 
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5. Conclusions 

A clear difference is seen between the hadron-nucleus and nucleus-nucleus reactions . 

It could be illustrated by discrepancy of plots (K8
- XT) and invariant functions F(b

8
), 

I I I 

F(bT) for 1t measons. T his difference becomes more significant for clusters. However we 
I 

must stress the likeness of hadron-nucleus and nucleus-nucleus characteristics for power 

dependance for ba~ distr ibution (parameter m) for both algorithms. 

The analysis of cluster and single-particle characteristics, plots (X:- x:) and invariant 

functions F(b8
), F(bT) shows : a a 

For clusters, fragme ntation regions are developed more weakly than for single-particle 
ones . More strong vari at ion of slopes is observed for different reactions in the case of 
cluster distributions than for particles . 

The invariant distri butions of the clusters created by using different algorithms are 
almost the same for the hadron-nucleus but different for the nucleus-nucleus reactions 
(especially for the projec tile fragmentation region) . 
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KYJIOHOBCKOE B3AHMO)J;EHCTBHE 3AP.R.IKEHHhiX IIHOHOB 
B CC- II CTa-B3AHMO)J;EHCTBH.RX IIPH 4,2 A r3B/c 

l(.Eaamap*, A.A.Ky1neqos, B.E.Jlw6u.Mos, P.Tozoo, E.Xyp3JZ6aamap 

llpeJlCTaRJieHhl pe3yJihTaTbl HCCJ!eJlOBamJi;i RJIHllHHll MHOf03apllJlHbiX q,parMeHTOB llJlpa-CHa­
pllJla Ha o6pa30BaHHe 3apllJKeHHbiX UHOHOB C MaJibiMH nonepe'IHbiMH HMilYJibCaMH. llOKaJaHO, 
'ITO cywecTByeT 34>4>eKT 3apl1Jl0BOH KOppe11llUHH MeJI(Jly 3THMH !l>parMeHTaMH H CHCTeMaMH 
JapllJKeHHblX UHOHOB. llpOBOJlHTCll aHaJIH3 )laHHbiX B paMKaX TeopeTH'IeCKHX MOJleJieH 
FRITIOF " BHYTPHllJlepHoro KacKana. 

Pa6oTa BhmOJIHeHa B Jia6opaTOpHH BhiCOKHX 3Heprnii 0115ll1. 

The Coulomb Interaction of Charged Pions 
in CC- and eTa-Collisions at 4.2 A Ge V /c 

Baatar Ts. et al. 

The results of studies of the influence of projectile nuclear many charged fragments on the 
production of charged pions with small transverse momentum are presented. It is shown that 
the charged correlation effects between these fragments and charged pionic systems exist. The 
analysis of the experimental data has been made in the framework of the theoretical FRITIOF 
and internuclear cascade models. 

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

1. Bse,lleHwe 

B rmcne,llHee speM.sJ 3cpcpeKT KYJIOHOBCKOro BJaHMO.IleHCTBH.sJ B CTOJIKHOBeHH.sJX a.llpOHOB 

C a,llpOHaMH H .s!,llpaMH HCCJie,llOBaJIC.sJ 3KCnepHMeHTaJibHO (1 ,2) H TeopeTHtJeCKH (3-6) C 

+ -
HCllOJib30BaHHeM nap BTOpH'-IHbiX 3ap.si:lKeHHbiX 'JaCTHU npOTHBOllOJIO:lKHbiX 3ap.sJ.IlOB (1t 1t , 

p1t-, K+K-" w+w). 
B 3THX pa6oTax B pa3HbiX o6nacnrx 3Hepmii H3YlJanacb B3aHM OCB.sJ3b BbiXO.Ila nHOHOB, 

HMeiOIUHX MaJibJe nonepe'IHbie HMllYJibCbl (pr - 0), C BbiXO.IlOM MHOf 03ap.si,IlHbiX cpparMeHTOB 

.sJ.Ilpa-cHap.sJ.Ila. B pe3yJihTaTe 6brno o6Hapy:lKeHo [7-10] (w npoaHaJIH3HposaHo B 

*11HcrnryT cpH3HKH H TeXHHKH AH MoHrOJIHH, r.YnaaH6aaTap. 
E-mail : instphys@magicnet.mn 
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TeopeTHYeCKHX pa6oTax [I II) npeBbiWeHHe Bblxon a YHcna 1t -Me 30HOB no OTHoweHHIO K 

YHCJJY 1t+-Me30IIOB LlJlll M a.J ibiX 3Ha'le11Hii yrna paccel!Hl1ll (8 - 0 ° ) , CKOppenHpOBaHHOe C 

o6pa30BattHeM MIIOf03ap lln HbiX cppan.teHTOB lln pa-CHapl!na . .[lJJll 06bliCHeHHll :noro l!BJleHHll 

B pa60Te [ 121 6b1Jl a Bbll!BH HYTa Hnell , YTO Ha6n 10nae~10e YCHJleH He BbiXOna 1t--Me30HOB no 

OTHOWeHHIO K BbiXOllY 1t+ -Me30HOB Bbi3BaHO TeM, YTO nOJJO)KHTeJlbHO 3apl!)KeHHble cpparMeH­

Tbl npHTllrHBaiOT K ce6e oTpHuaTeJJbHYIO CHCTeMy 3apl!)KeHHbiX nHOHOB H3 nonl! llnpa. OpH 

60JlbWHX yrnax paccel! IIHll H 60JlbWHX 3HaYeHHl!X aTOMHbiX MaCC CTaJJKHBaiOIUHXCll llnep 

OTHOWettHe R(1t- j 1t+) I pl!MO CBl! 3aHO C YHCJJOM HeHTpOHOB H npOTOHOB - yYaCTHHKOB 

B3aHMoneHCTBHll [ 131 . 

HacTOlllllal! pa6oTa nocsl!IUeHa H3yYeHHIO BJJHl!HHll MHoro3apllnHbiX cj:JparMeHTOB llnpa­

cttapl!na 11a po)KneHHe M a.JI0311epreTHYHbtX 3apl!)KeHHbiX llHOHOB non ManbiMH yrnaMH B CC­

CTa- H Cp-coynape11Hl! X 11pH 4.2 A r38/c B ycJJOBHl!X perncTpaUHH 3apl!)KeHHblX YaCTHU B 

4n-reoMeTpHH . OposonHTCll cpasHeHHe 3KcnepHMeHTMbHbiX naHHbiX c pe3yJJbTaTaMH, nony­

YellllbiMH c nOMOlllbiO t iosoii MOnHcj:JHuHposaHHOH sepCHH MonenH FRITIOF [14] H no­

cnenHHM sapHaHTOM ny6 HellcKoii ~10nenH BHYTPHllnepHoro KacKana [ 15]. 

2 . MeTonHKa 3Kc n epHMeHTa 

B llatnioii pa6oTe ucnoJJb30BMHCb 3KcnepHMeHTa.JibHbie naHHbie no HeynpyroMy 

B3aHMOlleiiCTBIIKJ llnpa y rn epona c H~lllYJibCOM 4 , 2 A r3B/c c npOTOHaMH , llnpaMH yrnepona 

H TaiiTa.Jia. 01111 llOJiyY e llbl C llOMO!UbiO 2-MeTpOBOH nponaHOBOH KaMepbl J183 0115111, 

BIIYTPH pa6oYero o6beM a KOTopoii 6btJJH pa3MeiUeHbl TaHTa.JIOBbte nnacTHHKH TOJJIUHHOH B 

I MM. 

Ha.JHIYHe MarHIITIIOro nonll B KaMepe Hanpl!)KeHHOCTbiO I ,5 Tn n03BOJll!JlO pa1nenHTb 

BCe BTOpHYHble 3apl!)Ke 11 Hble YaCTHUbl Ha CJJenyiOIUHe rpynnbl : a) rpynny OTpHUaTeJlbHbiX 

Yacnw, KOTOpble, 8 o cHOBHOM, • l!BJll!IOTCll 7t- -Me30HaMH. B 3TOH rpynne npHMecb 

lleHneiiTHcj:JHUHpOBaiiHbi X 3JleKTpOHOB He npeBbiWaeT 5 o/o ( 16], a OTpHUaTeJlbHbiX CTpaHHbiX 

'lacTuu - - I Cff. : 6) rpynny MenneHHbiX noJlO)KHTeJlbHbiX YaCTHU c nOBbiWeHHOH 

HO!HI3aUHeii II IIMIIYilbCOM MellbWe 0,7 r38/c . 8 OCHOBHOM, 3Ta rpynna CO)lep)KHT Me)lJleH­

IIble npOTOIIbl C !leKOTOp oii noJleH npHMeCH )leHTpOHOB (d) H TpHTOHOB (t) . 00 OUeHKaM 

[13,17.18J, IIX 11pMMeC b COCTaBJll!eT He 6onee 10+15 % ; B) rpynny pe!ll!THBHCTCKHX 

IIOJlO)KIITeJibllbiX 'laCTII U. KOTOpble , B OCHOBHOM, llpHHMJle)KaT K 6biCTpb1M npOTOHaM C 

HMnyiibCOM 60JibWe .0,7 r 38/c . OpHMeCb 1t+-Me30HOB B 3TOH rpynne YaCTHU He npeBblWaeT 

- 10 9c [ 191 : r) rpynny u n etnllcj:JHUHpOBaHHbiX 1t+-Me30HOB c HMnyJibCOM MeHbWe 0,7 r38/c . 

B 3KcnepuMetne c pen11ee 3HaYeHHe HMnynbca, HaYHHal! c KOToporo ysepeHHO 

~tLiellntcj:JuuupoBa.JHtcb 7t- - Me 30IIbl , cocTaBJll!JIO 70 M38/c. HaMH 6hiJIH BHeCeHbl nonpaBKH 

!Ia llOTepto YaCTHU, BbiJi e TaiOWIIX non yrJJOM 90° K HanpaBJieHHIO llyYKa H «3aCTpeBaiOIUHX» 

B TaiiTa.JIOBOii nJiaCTIIItKe . a TaKlKe- Ha nOTepiO YaCTHU, BbtJieTaiOIUHX llO)l 60JibWHM yrnoM 

K llJlOCKOCTII cj:JOTOrpacpl pOBallllll. 3TH nonpaBKH B CJiyYae 06JiyYeHHll KaMepbl ll)lpaMH yr­
nepona COCTaBIIJIH OKOJI O 7 % [201 . 

8 HeynpyroM CTOJIK IIOBeHIIH llnpa C l!JlpOM ~lHWeHH BO B3aHMOneHCTBHH yYaCTBYKJT He 

see IIYKIIO!Ibl llaneTatoiUe ro llnpa. YacTb H3 HHX OCTaeTCll HenpOB3aHMonei1cTBOBaBWHMH, 

T .e . cneKTaTopaMII. B Cll eKTaTOPHYIO rpynny BXOnliT cj:JparMeHTbl c pI z > 3 r3B/c H yrnoM 
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BbiJJeTa 8na6 < 4 o [21] . CneKTaTopbi ~.upa-cuap.suxa 6biJJH pa3.ueneHb no 3ap~.uy ua .use rpyn­

mc O.llH03ap~.llHble H MHOpr03ap~.llHble (Zj> 2). C .UpyroH CTOpOHbl , Me,llJJeHHbJe npOTOHbl C 

Pna6 < 0.3 [38/c ~BJJ~JOTC~ cneKTaTopaMH ~.upa-MHWeHH . 0THOCHTeJJbHO cneKTaTopHbiX 

QJparMeHTOB ~.upa-MHWeHH MO)I(HO CKa3aTb, 'ITO OHH 8 60JJbllJHHCTBe CBOeM nOrJJOUlaiOTC~ B 

TaHTaJJOBOH nnaCTHHKe (npOTOHbi c Pna6 < 240 M38/c). 

Eonee no.upo6uo MeTO.llH'IeCKHe sonpocbi 3KcnepHMeHTa ocseme bi s pa6oTax [16-22]. 

3. 3Kcnep HMeHTan b u bie pe3yn bTaTbi 

3KcnepHMeHTaJJbHbie .uaHHbie .un~ hh-, hA- H AA-s3aHMo.uei1cTBHH npH 4 + 40 f38/c 

cpaBHHBaJJHCb c pe3ynbTaTaMH, nonyYeHHbiMH c noMOUlbiO osoi1 sepcHH MO.UeJJH 

BHYTPH~.uepuoro KacKa.ua H MO.llHQJHUHposauuoi1 nyu.uoscKoi1 Mo.uenH FRITIOF [23] . Ha 

pHC.J nOKa3aHbl HOpMHpOBaHHble 6biCTpOTHbJe pacnpe.UeJJeHH~ 3ap~)l(eHHbiX nHOHOB C 

HMnyJibcOM 0,07 :::; Prt:::; 0,67 f38/c H3 CC-cTOJlKHOBeHHH npH 4,2 A f38/c, conpoBO)I(.Uae­

Mbie MHOr03ap~.llHbiMH QJparMeHTaMH B BOCbMH HHTepBaJJaX y m a '11X BbJJieTa: 8 <5° , 

5 + 15°, 15 + 30° , 30 + 50°, 50+ 75° , 75 + 105°, 105 + 140°, He> 140°. TaM )l(e npHBe,lleHbl 

no)lpo6Hbie pacnpe.ueneHH~ .un~ Mo.uenHposaHHbiX co6biTHH CC-co y.uapeHHH. KaK MO)I(HO 

BH)leTb, .uaHHbie, nonyYeHHbie c noMOUlbiO .usyx Mo.uenei1, xopow o socnpo113BO.ll~T 3KC­

nepHMeHTaJJbHbie pe3yJJbTaTbl. 

Ha pHC.2 npe.UCTaBJieHbl 3Ha'leHH~ OTHOWeHHH 'IHCJJa 1t--Me30 OB K 'IHCJJY 1t+-Me30HOB 

s 3aBHCHMOCTH oT yma HX BbiJJeTa s CC-s3aHMo.uei1cTBH~x KaK c MHOr03ap~.llHbiMH <tJpar­

MeHTaMH ~.upa-cuap~.ua (pHc .2a) TaK H 6e3 KaKHX-JJH6o <tJparMeHTOB (pHc.26). Ha pHc. 2a,6 

TaK)I(e noKa3aHbl pe3yJJbTaTbl MO,lleJJHpOBflHH~ C COOTBeTCTBYffi lllHMH YCJJOBH~MH 3KC­

nepHMeHTa. Mo)I(HO BH.lleTb, 'ITO MHOr03ap~.llHbie <tJparMeHTbi ~.upa-c uap~.ua 3aMeTHO BJJH~JOT 

Ha BbiXO.ll MaJJ03Heprn'1HbiX 1t--Me30HOB, T.e. Ha6JJJO.UaeTC~ npeBbJWeHHe BbiXO.lla 1t--Me30HOB 

Ha.ll 1t+-Me30HaMH. 0o.uo6uoro npeBbJWeHH~ He o6uap~eHO B MO,lleJJHpOBaHHbiX C06biTH~X . 
C noMOlllbJO ynoM~HYTOH Bbiwe Mo.uenH FRITIOF TeopeTH'IeCKH paccMoTpenbi .usa THna 

npoueccos CC-s3aHMo.uei1cTBHH ( «UeHTpaJJbHbiH» H «nepH<fJepHYeCKHH» ) . 8 npouecce MO­

.uenHposaHH~ TaKHX B3aHMO)leHCTBHH npHUeJJbHbiH napaMeTp CTOJI KHOBeHH~ 6panc~ COOT­

BeTCTBeHHO MeHbwe 0,9 QJM H 6onbwe I ,4 QJM. Pe3ynbTaTbi p ac'!eTOB npHse.ueHbi ua 

pHc.2s,r. 

Ta6;mua. Cpe.llHHe JHa'leHHJI7t- -MeJouon Hl CC-, Cp- H CTa-nJaHMO.llelicTBHH 

cc cc Cp CTa CTa 

C cpparMeHTaMH 6e3 cpparMeHTOB C cpparMeHTaMH C cpparMeHTaMH 6e3 cpparMeHTOB 
z ~2 z ~2 z ~2 

0,99 ± 0,01 * 2,85 ± 0,03 * 0,32±0,01* 1, 18 ±0,0 1* 3,50 ± 0,03* 
(15954)* (849)* (14395)* (989)* (997)* 

1,04 (b > 1,4 cpM) 2,97 (b < 0,9 cpM) 0,33 I ,24 (b > 5,0 cpM) 3,97 (b < 3,25 cpM) 

* - 3KcnepHMeHT; 6e3 JHaKa - FRITIOF; b - npHuenbHbiH napaMeTp 
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PHc . l . PacnpeneneHHSI 3apS1lKCHHbiX nHOHOB no 6biCTpoTe s CC-coynapeHHSIX, conposo)((lJaeMbiX 

MHOro3apSillHbiMII cpparMeHTaMH. o - 3KcnepHMCHT, 6 - FRITIOF, * - MO.Uenb BHYTPHSillepHoro 

KacKana 

B Ta6nHue npencTasneHbl naHHble :>KcnepHMeHTa H MonenHpoBaHHSI no qHcny co6bJTHM 

H no cpellHHM qHcnaM OTpHuaTeJJbHbiX nHOHOB, o6pa.:30BaBWHXCSI B CC-, CTa- H Cp-CTOJJK­

HOBeHHSIX. 

KaK Ha pHc.2, TaK 11 no Ta6mme MO)I(HO BHlleTb, qTo npouecc B3aHMOllei1cTBml c Hcny­

CKaHHeM MHOro3apS111Hbi X cpparMeHTOB COrJJacyeTCSI C sapHaHTOM pacqeTOB nO MO.[leJ!H .UJ!SI 

«nepHcpepHqecKOro>> TH n a B3aHMO.UeMCTBHM, a 6e3 cpparMeHTOB - .UJ!SI «UeHTpanbHOrO>>. 

0THOCHTeJlbHble Bbi XO.Ubl HHBapHaHTHbiX ceqeHHM 7t--Me30HOB K HHBapHaHTHbiM ce-

qeHHSIM 7t+-Me30HOB B CC-, CTa- H Cp-B3aHMO.Uei1cTBHSIX, HMeiOWHX MHOr03aps..UHbie cppar-
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PHc.2. PacnpeneneHHe OTHoweHHH '!Hcna 7t--Me30HOB K 'IHCJIY 7t+-Me30HOB B CC- H CTa-cronK­

HOBeHHliX B 3aBHCHMOCTH OT yrna HcnycKaHHll nHOHOB: a) 3KCnepHMeHTallbHbie naHHbie nllll C0-

6biTHH C MHOf03apll)lHbiMH cpparMeHTaMH, 6) C06biTHll 6e3 cppan.teHTOB, B) pe3yllbTaTbl 

Bbi'IHClleHHH no MO)leJiliM C npHUeJibHbiMH napaMeTpaMH b > ],4 cpM (nllll ll)lpa yrnepona) H r) C 

npHUeJibHbiMH napaMeTpaMH b < 0,9 cpM (nnll llnpa yrnepona). 06oJHa'!eHHll Te JKe, 'ITO Ha pHc. l 
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MeHTbl, npe)lCTaBlleHbl Ha p11C.3. 3aMeTHM, 'ITO BCe 3aplllKeHHbie 110Hbl BbJJleTaJOT nO)l yr­
JIOM, MeHbrne '!eM 20°, 11 'ITO co6biT11ll ll)lpa-yrnepo)la B nponaHe p a 3)leJlliJOTCll Ha )lBe rpyn­
nbl no Tl1ny ll)lpa-MHWeHI1: CC- 11 Cp-B3ai1MO)leHCTBHll. Bbi)lene~me 3TI1X rpynn B3ai1MO­

)leHCTBI1H ocywecTBJlliJlOCb c noMOlUbiO cTaH)lapTHbiX Kp11Tep11eB [19]. Ha p11c.3r noKa3aHbi 

pacnpe)leneHI1ll )l]]ll co6biTI1H CC-s3ai1MO)leHCTBI1H, B KOTOpbiX OTC)'TCTBYJOT KaK11e-n116o 

cpparMeHTbi ll)lpa-cHapll)la. Ha p11c.3 np11Be)leHbi pe3ynbTaTbi MO)len11posaHI1ll TaKI1X co-

6biTI1H c noMOlllbiO MO)leJll1 FRITIOF 11 BH)'Tp11ll)lepHoro KaCKa)la, n onyqeHHbie np11 Tex )l(e 

YCJlOBI1liX, 'ITO 11 3KCnep11MeHTa1lbHbie )laHHbie. 
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PHc.3 . Pacnpene..1eHJo1ll OTHoweHHH HHBapHaHTHbiX ce'leHHH o6pa3oBaHHll 7t--MeJOHOB K 7t+-MeJo­

HaM llllll CC (a)- . Cp (6 )- H CTa (B)-BJaHMolleHCTBHH, conpoBolKl!aeMhiX JapllllHbiMH ¢parMeH­

TaMH llllpa-cHaplllla. a TaKJKe LL'lll CC (r)-CTOJlKHOBeHHH, He conpOBOlKl!aeMbiX 4JparMeHTaMH. 

0603Ha'leHHll Te JKe, 'lTO H Ha pHC. J 

CosoKynHOCTb peJyll bTaTOB noKaJhiBaeT, 'lTO npeBbiWeHHe BbiXOJla KaK ttHcna, TaK 11 

HHBapHaHTHbiX cetteHHH 1t--Me30HOB Hall 1t+-Me30HaMH Ha6JliOJ]aeTC51 B o6naCTH MaJlbiX 

HMnynbCOB H B CJlyttae « n epHcpepHtteCKOfO» THna B3aHMOJ]eiicTBHH . 3-fOT 3cpcpeKT OTCYTCT­

syeT B cnyttae Cp-B3aHMOJleHCTBHH «UeHTpanbHOro» THna. 

4 . 3aKniOtteHe 

AHallH3 noBe)]eHH51 BbiXOJla 3ap51JI(eHHbiX nHOHOB B JaBHCHMOCTH OT BbiXOJla MHOf03a­

p51JlHbiX cpparMeHTOB 51Jlpa -cHap51Jla B CC- CTa- H Cp-B3aHMOJleiicTBH51X npH 4,2 A f3B/c 

n03BOJl51eT HaM CJ]eJlaTb CJleJl}'IOUlHe BbiBOJlbi : 
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J. 06Hapy)l(eH 3<lJ<lJeKT KYllOHOBCKOfO B3ai1MO.lleHCTBIUI 3ap~ )l(eHHbiX ni10HOB, CB~3aH­

HbiH C 3ap~.ll0BOH KOppen~U11eH Me)l(.lly nOn0)1(11TenbHbiMI1 <lJparMeHTaMI1 ~.llpa-CHap~.lla 11 

ni10HHOH CI1CTeMOH C OTp11UaTeJlbHbiM 3ap~.llOM . 

2. YcTaHosneHo, 'ITO npesblllleHI1e BbiXO.lla 7t- -Me30HOB no OTHorneHI110 K 7t+-Me3oHaM 

np11 ManbJX yrnax 11x BbJneTa Ha6nJOnaeTc~ TOJlbKO B nep11¢ ep11'IeCKI1X CC-s3ai1MO­

.lleiicTBI1~X . 

3. noKa3aHO, 'ITO OTHOllleHI1e 11HBap11aHTHbiX Ce'!eHI1H o6pa30BaH~ 1t--Me30HOB B CC-, 

11 CTa-s3ai1MO.lleiicTBI1~X K 11HBap11aHTHbiM ce'IeHI1~M 7t+-Me30HOB OKa3bJBaeTc~ 6onbrne 

e.lli1H11Ubl np11 3Ha'IeHI1~X 11X 11Mnynbca Pna6 < 0,3 f3B/c 11 yrna BbJneTa e::;; 20°. nono6Horo 

npeBblllleHI1~ He Ha6nJOnaeTc~ B cnyqae s3ai1MO.lleiicTBI1~ ~npa yrnepona c HYKJlOHaMI1 11 s 

co6biTH~X , nonyqeHHbiX c noMOlllbiO Moneneii KacKana BHYTP11~.llepHbiX nepepacce~HI1H 11 

MO.ll11¢11u11posaHHOH sepc1111 FRITIOF. 

O.llHaKO nonyqeHHbiX pe3ynbTaTOB HenocTaTO'IHO .un~ Toro, 'IT06bl .ueTanbHO noH~Tb Me­

xaHI13M ~.upo-~.uepHbiX B3ai1MO.UeHCTBI1H np11 pen~TI1BI1CTCKI1X 3Hep r11~X. B '!aCTHOCTI1, 6bmo 

6bl qpe3Bbi'IaHHO Ba)I(HO 113 6y.uyllli1X 3KCnep11MeHTOB 11MeTb 6onee nonHble OTBeTbl XOT~ 6bl 

Ha HeKOTOpble 113 np11se.ueHHbiX Bblrne sonpocos. Hanp11Mep: K K 3aBI1CI1T o6pa3oBaHI1e 

MHOfO- 11 O,UH03ap~.UHbiX <lJparMeHTOB ~.Upa-CHap~.lla OT COpTa CTanKI1BaiOIU11XC~ 06oeKTOB; 

KaKOBa CB~3b 3ap~)l(eHHbiX ni10HHbiX CI1CTeM C 3ap~.UQM 1130TOnOB 111111 'II1CJ10M O.llH03ap~.U-

HbiX ¢parMeHTOB ~.upa-cHap~na ; KaKoso nose.ueHI1e OTHorneHI1~ R(1t- j n+) B 3aBI1CI1MOCTI1 OT 

3ap~.ua Z ~.upa-cHap~.ua . 

AsTOpbl C'II1TaJOT cso11M np11~THbiM nonroM Bblpa311Tb 6naro.uapHOCTb P.f.Eanan~HY 3a 

nno.uoTBOpHble o6cy)l(.lleHH~ , B .B .Y)I(I1HCKOMY 11 )K.)ICMycynbMaH6eKosy 3a npe.uocTaB­

neHI1e naKeTOB nporpaMM Monen11posaHI1~ no Mo.uen~M FRITIOF 11 BHYTPI1~.uepHoro KacKa­
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INFLUENCE OF NITROGEN 
AND OXYGEN GAS ADMIXTURES ON THE RESPONSE 
OF THE DELPHI HCAL AND MUS DETECTORS 

Z.Krumstein, A.Sadovsky 

The influence of different factors, such as gas flow parameters and admixture of oxygen, 
on the operation of the Hadron Calorimeter (HCAL) and Sul'rounding M on Chambers (MUS) 
plastic tubes working in streamer and proportional modes is investigated. The dependence of 
the charge collected from the anode wires versus the amount of nitrogen in the working gas 
mixture was measured. 

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

BJIHBHHe ,no6aooK a3oTa u KHCJiopo.na 

H3 OTKJIHK ,neTeKTOpOB a,npOHHOrO KaJIOpHMeTpa 

H .[{OUOJIHHTeJibHOH MIOOHHOH CHCTeMLI ycTaHOBKH JJ:EJicJ»If 

3.Kpy.Mmme(m, A. Caoo6CKUU 

HCCJJeliOBaHO BJJHJIHHe pa:lllH'IHbiX cpaKTOpOB, TaKHX, KaK CKOpOCTb npOTOKa ra:lOBOH CMeCH 
H li06aBOK KHCJJOpOlla, Ha pa60Ty nJJaCTHKOBbiX lleTeKTOpOB allpOHHOro KaiiOpHMeTpa H liO­
llOJJHHTeJJbHbiX MIOOHHbiX KaMep B CTpHMepHOM H nponOpl.IHOHaJJhHOM pelKHMe. YfJMepeHa 
JaBHCHMOCTb BeJJH'IHHbl Japlllla, CHHM3eMOfO C 3HOl1HbiX npOBOJJO'IeK, OT KOJJH'IeCTB3 330T3 B 
pa6o'leH raJOBOH CMeCH. 

Pa6oTa BblllOJJHeHa B Jla6opaTOpHH BhiCOKHX :meprnH QJ{SUf. 

1. Introduction 

The influence of different factors, such as small changes in gas mixture, atmospheric 
pressure, etc., on the operation of the DELPHI Hadron Calorimeter (HCAL) plastic 

streamer tubes was studied in [ 1]. 

These studies were performed for different concentrations of C0
2

, C
4
H

10 
(Iso), and Ar 

components. For the gas mixture C0
2

: Iso: Ar (60:30: 10), which was chosen for operation, 

the variation of the streamer charge with the variation of mixture c mponents was found to 

be approximately exponential: 



66 Krumsrein Z.. Sadovskv A. Influ ence of Nitrogen 

Q ~ Q
0 

exp (- d
1
f1C

1
- d2f1C2), (I ) 

where fiC 
1 

and f1C
2 

are absolute concentrations of C0
2 

and I so, respectively . 

The dependence o n these gas components is considerable (d
1 
= 0. 11 , d

2 
= 0.19). 

Therefore , to keep variations of the calorimeter response within ~ 2- 3%, the gas system 
should maintain the percentage of components with an absolute accuracy of a few 0 . 1% and 
ensure good gas components mixing before the distribution to the calorimeter modules . 

The dependence of the mean streamer charge on pressure also follows an exponential law: 

Q ~ Q
0 

exp (- ~fip), (2) 

where ~ :::: 10- 2/mbar. 

For typical atmospheric pressure fluctuations of a few I 0 mbar variation in the charge 
response is a few I 0% . 

To monitor the mean streamer charge response changes (in order to correct them 
afterwards) the HCAL gas system is equipped with a streamer monitor [2,3] . 

This system consists of 30 em long plastic streamer tubes (similar to the HCAL 
detectors) equipped with a low intensity radioactive source. 

The streamer tubes are periodically (30 min cycle) flushed with gas which is bypassed 
from the single input or individual outputs of all HCAL and MUS modules, and the charge 
response from the anode wires is measured. 

The gas system of HCAL is an open circuit system described in [4]. The entire volume 
is replaced over a period varying between one and three days . The same gas system is used 
for the MUS detector .whe re the ch&nge of the gas volume is between 10 and 30 hours . 

To reduce the runni ng cost, a new variant of the gas system with gas recirculation and 

purification was proposed . The proposed variant being relatively simple and inexpensive 

certainly has an advantage of economy without increasing the oxygen level in the working 

gas. However, with 80% gas recirculated (20% fresh) it is expected that the nitrogen level 

will increase up to l- 2'7r and it was important to understand the consequences of that in 

terms of the charge response. 

In this note we present some results of the long term operation of HCAL and MUS gas 

system and measurement of the dependence of the charge response from anode wires versus 

the nitrogen admixture performed in a special test. 

2. Results 

The gas tlow parameters of the HCAL and MUS gas system are presented in the Table . 

The dependence of the oxygen level as a function of the time cycle (the time of replace­

ment for the entire volu me of the detector) is shown in Fig. Ia. The behaviour is linear. One 
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Table. Gas Flow Parameters 

Volume Channel Run fl ow Cycle 
m3 volume 1995-96 hrs 

m3 1/h 

26.8 0.56 6.5-1 1.5 50-86 

12.42 0.26 5-8 33--49 

0.96 0.06 2-6 10-30 

Addmixture of Nitrogen 
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can see, that the oxygen level reaches more than 1000 ppm for a three days cycle time. The 

streamer charge response measured by streamer monitor versus the oxygen level is repre­

sented in Fig. I b. No var iation of the charge response for this range of oxygen level was 

observed . 

The measured level of oxygen of about 1000 ppm means that at the same time the level 

of nitrogen in the gas is about 0.3%. Therefore, for the gas system with 80% of the gas 

recirculation this level w II increase five times . 
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T.he study of the influence of the nitrogen admixture in the operating gas was per­
formed with plastic tubes from 80 to 120 em long, which were roduced in 1987 for the 
DELPHI HCAL end-cap modules [5], and in 1993 for the DELPHI MUS [6] . In our test 
the tubes were running in the same regime as in the experiment at conditions [7,8], i.e., at 
4000 V for tubes with covers (HCAL variant, streamer mode) and at 3700 V for coverless 
tubes (MUS variant, proportional mode) . 

We have used the same experimental set-up as in [9] for the measurement of the tube 
response to cosmic muons . 

Figure 2a shows the dependence of the charge from the anode wires for the pro­
portional mode of operation. In this case the charge depends weakly on the admixture of 
nitrogen. 

Figure 2b demonstrates the same dependence for the streamer mode of operation. One 
can see an increase of charge with the increase of admixture of nitrogen . In this case the 
dependence is similar to the one measured for argon a~mixtures. Th.erefore, an increase in 
the calorimeter response up to 15% is expected for 1-2% of nitrogen . 

In summary, the introduction of the recuperation system will not influence the ope­
ration of tubes in the proportional mode (MUS) but for a streamer mode operation (HCAL) 
it is expected that the response will change by about 15%. In this latter case, the monitoring 
of nitrogen is desirable. 
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HCUOJih30BAHHE «OTKPhiThiX» CTAH,L(APTOB 
3JIEKTPOHHKH ,UJUI CI>H3uqECKHX HCCJIE)lOBAHHH 

CM.upuos B.A. 

B pa6oTe paccMaTpHBatoTCll sonpocbi asToMamJauww ycTaHOBOK Jla6opaTopww BbiCOKHX 

3HeprHH 0J1.SIJ.1, OpHeHTHpOBaHHOH Ha npOBe)leHHe 3KCnepHMeHTaJibHbiX HCCne)lOBaHHH B 

ofinaCTH <fJHJHKH Bb!COKHX 3Hepmi1 H penliTHBHCTCKOH JIJlepHOH <fJHJHKH. L{nll nOCTpOeHHJI 

CHCTeM aBTOMaTHJaUHH HCnOflbJyeTCJI aneKTpOHHaJI annapaTYPa, Bb!nO}JHeHHaJI B <<OTKpb!TbiX» 

CTaHaapTaX . noKaJaHbl OCHOBHble OC06eHHOCTH COJJlaHI!JI CpellCTB aBTO~aTHJaUHH Mll 3KC­

nepHMeHTaJibHbiX ycTaHOBOK, CTeH)lOB H YCKOpHTenefl . 06cylK,!laJOTCJI BOJMOJKHOCTH HCnOflbJO­

BaHHJI CpellCTB H MeTOJlOB aBTOMaTHJaUHH npOHJBO)lCTBeHHbiX • npOUeCCOB npH pa3p~60TKe 
OT)lenbHbiX nO)lCHCTeM KOHTpOnll H ynpasneHHJI YCKOpHTeneM. 

Pa6oTa BbmonHeHa B Jla6opaTopHH BbiCOKHX :mepmi1 0115111. 

An Automation of Physics Research 
on Base of Open Standards 

Smirnov V.A. 

A wide range of problems is considered concerning an automatio of Laboratory of High 

Energies, JINR set-ups oriented to carry out the experimental researches in high energy and 

relativistic nuclear physics. Electronics of discussed automation system s is performed in open 

standards. Main peculiarities in the creation process of automation tools for experimental 

set-ups, stands and accelerators are shown. Some possibilities to build orne accelerator control 

subsystems on base of industrial automation methods and techniques are discussed. 

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

1. Bse)leHHe 

B J1a6opaTopHH BhiCOKHX 3Hepmii, opHeHTHposaHHOH Ha np BeJleHHe 3KcnepHMeHTaiih­

HhiX HCCJie)lOBaHHH B o6JiaCTH cpH3HKH BhiCOKHX 3HeprHH (<fiB3) H peJI.SITHBHCTCKOH .SIJlep­

HOH cpH3HKH (P51<fl), aBTOMaTH3aUHH noJl]le:lKaT TPH OCHOBHhiX THna ycTaHOBOK: cneKTpo­

MeTphi, YCKOpHTeJIH H CTeH)lhl. B CB.SI3H C 3THM \.faCTO B03HHKaeT n p o6JieMa Bhi60pa annapaT­

HhiX cpe)lCTB, He06XOJlHMhiX H JlOCTaTO'!HhiX JlJI.SI HX aBTOMaTH3aU HH. 

flpH C03)laHHH CHCTeM aBTOMaTH3aUHH HCnOJih3yeTC.SI 60JihlliOH Ha6op ycTpOHCTB, KO­

TOphie pa3pa6aTbJBaiOTC.SI JlJI.SI t.JaCTHhiX npHMeHeHHH B CaMOH Jia6 paTOpHH H, KaK npaBHJIO, 

nJIOXO JlOKyMeHTHpOBaHhl, 'ITO Bhl3hiBaeT 3aTpyJlHeHH.SI npH HX 0 6 CJIY:lKHBaHHH H BOCnpOH3-

Be)leHHH. DpeOJlOJieHHIO 3THX HeJlOCTaTKOB cnoco6cTsyeT MO,UYJlbHOE HcnonHeHHe anna-
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paTypbi B ODHOM 111 CTA H LlAPT08 3JleKTpOHHKH , a TaK)((e CTAHLlAPTJ13AUI151 TaK11X 

OCHOBHbiX 3JleMeHTOB, Ka K KOMMYHI1KaUHOHHbie WI1Hbl , 3JleMeHTbl CB51311, onepaU110HHbie 

CI1CTeMbl 11 T . fl. AnnapaTypa aBTOMaTI13aU11H pa36HBaeTC51 Ha KOHe4HOe 411CJ10 3aMeH51eMbiX 

Jl0rH4eCK11X KOMnOHeHTOB H cpyHKUHOHa.JibHbiX 6JlOKOB, OpraHI13aul151 KOTOpblX n03BOJl51eT 

JlOCTaT04HO npOCTO BB0Jl i1 Tb B CHCTeMy fli06oe HOBOe yCTpOHCTBO He3aBI1CI1MO OT TOro , rne 

OHO np0113Be)leHO. np11 3TOM JlOCTI1raeTC51 yMeHbWeHI1e CTOI1MOCTI1 11 o6ecne411BaeTC51 Jler­

KOCTb B 06CJlY)((I1BaHI111 11 ~IOJlepH113aU1111 CI1CTeM aBTOMaTI13aUI111. M11pOBOH pbiHOK npe)l.Jia­

raeT JlOCTaT04HO 60JlbWO ii aCCOpT11MeHT 3JleKTpOHHbiX cpellCTB 11 CJlenyeT Bbi611paTb 113)le­

Jll151, BblriOJliieHHbie Ha MOllYJlbHOH OCHOBe , B COOTBeTCTBI111 CO CTaHnapTaMI1, 11CnOJlb3ye­

MbiMI1 B 60JlbWI1HCTBe 6flii3KI1X no TeMaTI1Ke na6opaTOp11H . 

Ha116onee nonHoro y c nexa np11 nocTpoeHI111 CI1CTeM aBTOMaTI13aU1111 yuaeTC51 uo611TbC51 

np11 11CnO:flb30BaHI111 annap aTypbl, He CB513aHHOH C KOHKpeTHbiM np0113BO)li1TeJleM 11 C03)laH­

HOH Ha ocHose OTKPblTb lX cTaHnapToB . 

TepM11H «OTKpbiTOCTb>> 03Ha4aeT OTCYTCTBI1e Ha cTaHnapT naTeHTOB 11n11 asTopcKI1X 

npaB, ero 6e3Jl11UeH3110H HOe 11CnOJlb30BaHI1e 11 BKJll04aeT B ce651 OTKpbiTOe 06C~)leHI1e 

nOJlO)((eHI1H CTaHnapTa, r11 6KOCTb 11 CnOC06HOCTb K BOCnp1151TI110 HOBeHWI1X TeXHI14eCKI1X 

peweHI1i1 [II. npasa c o 6CTBeHHOCTI1 np11HaDJle)((aT HeKOMMep4eCKI1M Me)((JlyHapOJlHbiM 

opraHI13aU1151M. 3a nOCJlellH I1e I 0 JleT CI1CTeMbl, C03JlaHHbie Ha OCHOBe «OTKpbiTbiX» CTaHnap­

TOB, 3aBOeBa.JII1 OKOJlO 909o pbiHKa aBTOMaTI13aU1111. K «OTKpbiTbiM» CTaHJlapTaM CpeDCTB 

aBTOMannamtl1 , 11Cfi0Jlb3yeMbiM 11Jll1 11Me10lUI1M nepcneKTI1Bbl np11MeHeHI1j( B 06JlaCTI1 cp11-

311KI1 BbiCOKI1X 3Hepr11H. OTHOC51TC51 : CAMAC, YME (11 conp51)((eHHbiH c HI1M YS8), 

FAS8TUS, YICbus, FUT U RE8US+, SCI 11 Fieldbus. 

2. ABTOMannauii51 cneKTpoMeTpos 

Ha cneKTpoMeTpax, p a6oTaiOW11X B o6naCTI1 <1>83 11 P51<1>, 113)"1aiOTC51 npoueccbi, xa­

paKTep113yeMbie 04ellb Hll ! KO~i Bep051THOCTbiO 11X np051BJleHI151, Ha cpoHe npOUeCCOB, Ha He­

CKOJlbKO nop51DKOB 6o11ee sep051THbiX . Ha p11c.l noKaJaHbi ccpepbi np11MeHeHI151 cpeucTB 

Bb!4HC1111TeJibiiOii TeXI!11K i t B 3KCnep11MeHTe. 3Ha411Te11bH~ 4aCTb 11X He06XO)li1Ma )11151 

opraHII3aUI111 CltCTeMbl c6o pa naHHbiX (CCJl). Lla)((e cpaBHI1Te11bHO He6011bW~ no KOJJH4eC­

TBY BXOJ151WIIX B ee COCTa B UeTeKTOpOB COBpeMeHH~ ycTaHOBKa BK11104aeT B ce651 HeCK011bKO 

COTeii KaiiaJIOB periiCTpam ut. 4TO naeT npeuCTaB11eHI1e 0 TOM 06beMe 311eKTpOHHOH annapa­

Typbl, KOTOpbiH IIe06XOlllt M LU151 npeo6pa30BaHI151 11HcpOpMaU1111, n011)"1aeMOH C JleTeKTOpOB, 

B Ha6op UllcppOBbiX UaH HbiX. a TaK)((e LVl51 OpraHI13aul111 C6opa )laHHbiX 11 11X XpaHeHI151 . 

AnnapaTHYK> ociiosy CCLl cocTaB115110T Mo11y1111 511lepHoi1 311eKTpOHI1KI1, cpeucTBa Bbi411C1111-

Te11bHOii TeXIIIIKII (8T) , K KOTOpbiM OHIOC51TC51 38M 11 MODY1111 8T, Bbin011HeHHbie B O)lHOM 

113 ee cTml1lapTOB (CAM A C, YME, FAST8US 11 T.n .), a TaK)((e 11HTepcpei1cbi 38M . 

3Kcnep11MeHTaJlbHbie ycTaHOBKI1 B <1>83 11 P51<1> npe11Ha3Ha4eHbi Jl1151 nposeueHI151 

ucc11e110BaHHii ua ycKopwr e1151X 3ap51)((eHHbiX 4aCTI1U. KaK npas11110, speM51 pa60Tbi 3Kcne­

puMeinaJibHOii yCTaiiOBKi t 11a yCKOp11Te11e CTpOrO orpaHI14eHO. 3TO 06CT051Te11bCTBO np11-
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BOJlHT K Heo6xo)lHMOCTH nocTpoeHID! BbiCOKonpoHJBOJlHTeJlbHbiX C C,ll., KOTOpbie noJBOJUIIOT 

perHCTpHpOBaTb )lOCTaTO'IHOe KOJJH'IeCTBO C06biTHH H3}"1aeMOro cpH3H'IeCKOro npouecca 3a 

MHHHMaJJbHO B03MO:lKHOe BpeMSI ee 3KCTI03HUHH Ha ycKOpHTeJle. T aKHM o6pa30M, OCHOBHOH 

Ja)la'leii CCLI. SIBJJS!eTCSI perncTpauHSI MaKCHMaJJbHO BOJMO:lKHoro KOJJH'IeCTBa noneJHbiX co-

6biTHH B e)lHHHUY speMeHH. Ha ::!TOT npouecc B nepsy10 O'lepellb BJJHSIIOT scpcpeKTHBHOCTb 

OT60pa C06biTHH H BpeMSI, JaTpa'IHBaeMOe Ha '!TeHHe )laHHbiX 0 C06biTHH, KOTOpbie, B CBOIO 

o'!epeJlb, JaBHCSIT OT cnoco6a opraHH3aUHH CC,ll.. 

TipaKTH'IeCKH scSI HCTOpHS! coJ)laHHSI CCLI. JlJISI cneKTpoMeTpos CBS!JaHa c HCnOJJb30-

saHHeM «OTKpbiTbiX» cTaH)lapTOB [2]. B 70-e ro)lbi coJ)laBaJJHCb CCLI. ueHTpaJJHJOBaHHoro 

THna. 0HH 6biJlH OCHOBaHbl Ha npHMeHeHHH MaJJOH 3BM H 3JleKTpOHHOH annapaTypbl B 

CTaHJlapTe CAMAC JlJJSI perncTpauHH c6opa H HaKOnneHHSI )laHH biX (eM. pHc.2a). ,ll.anbHeH­

wee pa3BHTHe 3KcnepHMeHTaJJbHOH MeTOJlHKH noTpe6osano BHeJlp eHHSI B cocTaB CCLI. MHO­

ro'IHCJJeHHbiX npoueccopHbiX ycTpOHCTB, KOTOpbie HY:lKHO 6biJJO p acnpe)leJJS!Tb no CHCTeMe H 

opraHHJOBbiBaTb Hx napanneJJbHYIO pa60Ty. KpoMe Toro, CAMA C orpaHH'IHBaJJ cKopocTb 

nepe)la'IH )laHHbiX (3 M6ai1T/c). B HaCTOSIIUee speMSI BellYTCSI p a6oTbi no MOJlepHHJaUHH 

cTaHJlapTa CAMAC B HanpaBJJeHHH yseJJH'IeHHSI cKopocTH nepeJla'IH JlO 60 M6ai1T/c [3]. 
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3neKTpO H MKa peri4CTP3U1414, 
KOHTponnep bl , 14HTepcl>eRcbl 14 3Y 

CAMAC 

(a) 

( 6) 

(B) 

noHaneHMe J.lP 

UeH r panbHaH 38M 

J.lP 1 CAMAC, VME, 
FASTBUS 

cpeACTB CBH314 

CAMAC, VME, 
FASTBUS, VSB, 
ETHERNET, VIC, 
SCI, FIELDBUS 

Puc.2. 3soniOUHll npuHuunos apxuTeKTypHoro noCTpoeHHll CC)l 

noSIBJleHue MHKponpoueccopOB (jlP) H TaKOro CTaHllapTa MHOrOnpoueccopHOH MOllYJlh­

HOH MaruCTpanu, KaK YME, o6ycJJOBHJlO nepexon K HOBOMY apxuTeKTypHoMy nocTpoeHHIO 

CC)l (eM. puc.26) . OcHOBHOH enHHHUeii noCTpoeHHSI annapaTyphi B cTaHnapTe YME SIBJJSI­

eTcSI KpeHT C MarnCTpaJJb iO. HOBhiH cnoco6 OpraHJ.13aUHH OCHOBaH Ha J.1CnOJlh30BaHHH UeHT­

paJJhHOro KpeitTa VME, MaruCTpaJJh KOToporo npenHa3Ha'!eHa llJlSI o6bellJ.1HeHJ.151 H o6ecne­

'leHH51 OllHOBpeMeHHOH pa6 oThi HeCKOJlhKHX npoueccopHhiX yCTpoiicTs. BseneHHe XOTSI 6hi 

OllHOro npoueccopHoro ::meMeHTa B KalKllOM H3 KJJaCTepos 3JJeKTpOHHOH annapaTyphi, OTHO­

CSIWerocSI K OTlleJlhHOMy lleTeKTOpy, o6ecne'!J.1BaeT OllHOBpeMeHHhiH CbeM HH<lJOpMaUHH nO 

HeCKOJlhKHM napanJJeJJhHbiM seTBSIM. OnHoMy H3 npoueccopos OTBOllHTCSI pOilb ueHTpaJJbHO­

ro. 0H CHHXpOHJ.13HpyeT pa6oTy BCeX 3JleMeHTOB CHCTeMbl no c6opy llaHHhiX 0 C06hiTHH H 
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DMS 1000 
ETHERNET 

CBV1000~ 
CAMAC 

1- Trigger VSC FIC8230 

~vsc FIC8230 

Dummy CC VSC FIC8230 

CVI 1000 FIC8230 

CAMAC VSB ELTEC ES -
Trigger HVR 8217 .. 

AEB VM E. 
EBI 

FASTBUS 

Trigger ~~ 

VAX 
!ETH-ERNET 1--

PHc.3. EnoK-CXeMa cc.r:r:, o6'he.UHIDIJOIUeH 3neKTpOHHYJO annapaTypy pa3JIH'lHbiX 
CTaH.IIapTOB 
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COCTaBn~eT nonHOe C06biTHe Ha OCHOBe HHcpopMaUHH H3 OT.UenbHbiX nO,UCHCTeM. B TaKyiO 

CHCTeMy Moryr BXO.UHTh npoueccophi .un~ npose.ueH~ 3Kcnpecc-aHanH3a .uaHHbiX Henocpe.u­

CTBeHHO B XO,Ue 3KCnepHMeHTa, a TaK)!(e .Ufl~ rpacpH'leCKOfO npe.UCTaBneHH~ npHH~TOH H 

nepepa6oTaHHOH HHcpOpMaUHH, 'lTO o6ecne'lHBaeT onepaniBHbiH KOHTpOnb 3a XO.UOM 3KC­

nepHMeHTa. KpoMe Toro, npH TaKoM cnoco6e o6pa3oBaHH~ cHcTeMbi npoHCXO.UHT 

o6be.UHHeHHe 3neKTpOHHbiX Mo.uyneii, BhmOnHeHHbiX B pa3nH'lHbiX CTaH.uapTax [4]. K HacTo­

~rueMy speMeHH npose.ueHo ycoseprneHCTBOBaHHe cTaH.uapTa VME [5], c uenbiO HcnonbJO­

BaHH~ ero ,lln~ a,upecaUHH H nepe,ua'lH ,UaHHbiX 64-pa3p~.UHbiX K .UOB O,[lHOBpeMeHHO nO 

RHH~M a,upeca H ,UaHHbiX. flpH 3TOM HOBbie MO.UYRH MOTyf pa60TaTb Ha O.UHOH MarnCTpanH 

KpeiiTa VME BMeCTe co CTapbiMH. B 6nH)!(aiirneM 6y.uyrueM npe.unonaraeTc~ secTH ycosep­

weHCTBOBaHHe CTaH.UapTa VME B cne,uyiOIUHx HanpasneHH~x [6]: n epe.ua'la 6noKa .uaHHbiX 

C CHHXpOHH3aUHeH no 060HM cppOHTaM CHHXpOCHrHana; opraHH3aUH~ nepe,Ua'lH ,UaHHbiX 

O.UHOBpeMeHHO K HeCKOflbKHM MO.Uyn~M; B03MO)!(HOCTb JaMeHbl MO.UyneH 6e3 BbiKniO'leHH~ 

nHTaHH~; BBe,UeHHe .UOnOnHHTenbHbiX 3a3eMn~IOIUHX KOHTaKTOB Ja C'leT ycTaHOBKH HOBbiX 
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160-KOHTaKTHbiX n51TI1p511HihiX paTbe~IOB: reorpacp114eCKa51 anpeC3U1151 : BBelleHI1e HOBOrO 

pa3beMa PO/JO (MeiKLlY pa1be~tawt PI/J I & P2/J2). 
r 

\ 

rosop51 o pa3BI1TI111 V ME. ueo6xonuMo ynmt51HYfh o cTaunapTe~CJ)KoTopbtii ua ce-

ronH51WHI1H LleHh 51BJI51.eTC 51 ilOMI111Hpywmt cpellCTBOM paCW11peHI151 K3K 60JJbWHHCTBa JIO­

KaJJbHbiX MarHCTp~, 51BJI5110WHXC51 OCHOB011 COBpeMeHHbiX KOMrlbiOTepOB, T3K 11 

MarncTpa.rtl1 VME [7 J) PC I npenoCTasn51eT soJMOJKHOCTh MeJOHI1HHoro nonKJJI04eHI151 11n 11 
I paCWHpeHI151 T3KI1 V JJOK aJi bHhiX Bbi4HCmtTe.fJbHbiX pecypCOB, KaK 03Y, CeTb, llHCKI1 , anna­

paTHble cneul1aJJ113Hposau u ble npoueccophl 11 T. n . no MarncTpan11 PCinauHble Moryr nepe­

nasaTbC51 co CKOpOCThiO 132 M6ai1T/c HJJH 264 M6ai1T/c np11 ynsoe111111 w11p1111hl 

MarnCTpan11, a CKopocTI1 528 M6ai1T/c npennonaraeTC51 nocTI14h, ynsaHBM TaKTOBYIO 43CTO­

TY MamcTpan11 . 

On1111 111 cnoco6os o6belll1ueuu51 annapaTyphl , BhtnOJJ HeHHOH s cTaHnapTax VME, 

FASTBUS 11 CAMAC. C03ll3H B GSI (JlapMWTaJlT, repM3H1151) (CM . pHc.3) . B Ka4eCTBe 

cpeLlCTBa 06belli1HeHH51 llJ1 51 pa60Tbl 113 paCCT051HH51 llO 50 M 11CriOJib3YeTC51 MOll11cpHU11pOB3H­

Ha51 CTaHnapTHM MantcTpan b VSB, KOTOpa51 51BJJ51eTC51 nononHeHI1eM 11 pacw11peH11eM CTaH­

napTa VME [8] . Cneuuan 11 3HposaHHhiH anamep MarncTpan11 VSB ycTaHaBJJI1saeTC51 co CTO­

pOHbl paJbeMos VSB MantcTpan11 VME 11 o6ecne411saeT nepena4y cl1rHanos VSB s BHlle 

Ll11cpcpepeHUHaJihHhiX cu m anos . MamCTpanb Ll11cpcp¢epeuuHanhHhiX CHrnanos VSB no­

ny411na HaJsau11e VDB. 0 11a o6ecne411saeT nepena4y 32-pa3p51llHhiX naHHhiX co cKopocThiO 

2 M6ai1T/c 11a paccT051HH 51 no 5 M 11 co c KopocThiO I ,2 M6ai1T/c Ha paccT051HH51 50 M. B 

Ka4eCTBe ~wnyn51 ynpaBJJeHH51 MarucTpanbiO VDB MOJKeT 6hiTh Bht6paH n106oi1 OllHOnnaTHhiH 

npoueccop s cTaunapTe V ME, mteiOWHH BhiXOll Ha VSB . 0llHI1M 113 npHMepos 11CnOJJh30-

saul151 VDB-MantCTpan11 51 BJJ51eTc51 nocTpoeHI1e cHcTeMhi c6opa naHHhtX llfl51 3Kcnep11MeH­

TaJJhHOH ycTaHOBKH OBELI X s UEPHe. Ha pHc.4 np11seneHa 6noK-cxeMa 3TOH CHCTeMhl. B 

Ka4eCTBe pentcTpHpyiOWeii 43CTII 3JJeKTpOHHOH annapaTypbl 11CriOJJb3YIOTC51 8-pa3p51l1Hhle 

flash -ADC. 11Me10wue cKopocTb npeo6paJosaHH51 I 00 Mru. 3TH AUn pacnonaraiOTC51 s 

cneul1aJJH311posaHHhiX KpeiiTax . TaM JKe pa3MewaiOTC51 ~wnynh nonasneHH51 Hynesoii HHcpop­

MaUI111 (SIM). nporpaMM HpyeMhiH ~wnynh pacnpeneneHI151 TaKTOsoii 43CTOThi (SAM) 11 nsa 

npoueccopa o6pa60TK1t CltrHa'IOB (DSP), npellH33H34eHHble llJI51 ClK3TH51 HHcpOpMaU11H B 

peanbHOM MacwTa6e spe'leHit. DSP npoBOll51T aHaJJI13 ¢opMhi HMnynhca H JanoMHHaiOT 

pe3yJJhT3Tbl 3HaJIHJa B c neUI1aJihHOM 6ycpepe 3Y, KOTOpblH MOJKeT 6b!Tb np04HT3H no 

MantCTpa!lll VDB pacnon oJKeHHbiM B VME-Kpei1Te npoueccopoM (FEP). noTOKH ll3HHhiX 

npoXOil51T 4epeJ TPII yposu 51 VME-npoueccopos . C6opKy nonuoro co6hiTI151 no seeM neTeK­

TopaM II JartltCb Ha JJ etiTy BhlriOJIH5leT ueuTpaJJbHM 38M . 

W11poKoe pacnpoCTpaHeHite s uaCT051Wee speM51 nonY411JJ TaKJKe cnoco6 opraHH3aUHI1 

CIICTeM Ha ocuose VIC-M antcTpanll, coJnauuoi-i llJI51 o6pa3osaHH51 MelKKpeiiTHOH CB513H MeJK­

ny KpeiiTaMu VME [9.10] .VICbus 51BJJ51eTC51 MYJJhTHnneKcuoii MarnCTpanbiO, o6bellHH5110Wei1 

MilOrD ynpaBJJ5110WIIX II ynpaBJJ51eMbiX ~tOllyneH . nepella4a ll3HHbiX OCyWeCTBJJ51eTC51 CO CKO­

pOCTbiO llO I 0 M6ai1T/c !Ia paCCT051HH51 llO I 00 M. nepenaT4HKI1 ll11cpcpepeHUHaJJbHblX CHrHa­

JIOB o6ecne4HBaiOT OllHOBpeMeHHhlii llOCTyn KO MHOrHM ycTpOHCTB3M, T3KI1M 06pa30M pa3-
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analog/digital ECLbus 

10 DL350 .. 
crates 

VDB 

VDB 

4- FEB crat s · 

VDB 

VDB 

to the 
GEB 
crate 

DL350 
crate 

FEB 
crate 

CAMAC 
crate 

PHc.4. 6noK-cxeMa llJUI JKcnepHMeHTaJJbHOH ycTaHOBKH OBELIX 
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pewru~ pa6oTy B pe)I(HMax TpaHCJUIUHH 11 o6ruero Bbi30Ba. Ha p11c .S npHBe)leHa cxeMa no)l­

KJJIO'leHHH pa3JJH'lHbiX ycTpoiicTB K MarnCTpaJJH VIC. 

C Ha'laJJa 90-X fO)lOB B CB.SI3H C aKTHBHbiM pa3BHTHeM KO MYHHKaUHOHHbiX cpe)lCTB 

apxHTeKTypa CCL{ np11o6peTaeT BHJl noKa3aHHOH Ha p11c.2s. 06n eJli1HeHHe npoueccopHbiX 

ycTpOHCTB, pacnpe)leJJeHHbiX no ypOBHjiM CHCTeMbl, np0113BO)lHTCji Ha OCHOBe HCOOJJb30-

BaHHll Ha116onee pa3BHTbiX ceTeBbiX CTaHJlapTOB, TaKHX, KaK ETH ERNET, SCI 11 Fieldbus. 

CTaHJlapT HIPPI l!BJJlleTCll H)leaJJbHbiM cpeJlCTBOM CBli3H np11 ocTpoeHHH cospeMeHHOH 
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VICbu5 #3 

RISC VIC ~S1(SUN) 

Cluster 8250 
!window I v 

I v 8251 

c I 
Event VIC b c WS2(S.G.) 
Builder 8250 u b !window l 
Crate 5 u 8251 

# 5 

Front-end VIC 1 # ~S3(DEC) 
Crate(5) 8250 

2 
!window I 

8251 

t t t t 
C F V C b 
A A X A r 
MS I M a 
A T A n 
C B c c 

u h 
s 

Puc.5. CxeMa nonK..liO'leHHH pa:mHYHbiX yCTpoiicTB K MarncTpanH VIC 

CCll. s KOTopoi-i Tpe6yeTC}I nepenasaTb noTOKH naHHbiX no nec}ITKOB Mera6aih B ceKyHny. 

OnHHM HJ npHMepos pewelf l1}1 ::n:oi-i npo6neMbi CJJ)')KHT N A48 (UEPH) [II]. CTaHnapT ATM 

onpenen}leT MexaHHJM nepeKJJIOYeHH}I noTOKOB naHHbiX. OH o6ecneYHBaeT nepena'ly naH­

HbiX co cKopoCT}IMH OT I 00 no 622 M6HT/c. 3TOT craHnapT 6onee scero npHMeHHM nn}l 

cOJnamt5l ceTei-i [12] . 

B HaCTO}Iwee speM}I s UEPHe senyrc51 HccnenosaHH}I BOJMO)KHOCTH npHMeHeHH}I cTaH­

uapTa SCI (Scalable Cohe rent Interface- IEEE-1596) nn}l ycTaHOBOK, coJnasaeMbiX llJI}I 

pa6oTbl Ha LHC (Large H adron Collider) [ 13, 14] . SCI o6ecne'!HsaeT CB}!Jb, KOTOpa}l pa3pa-

6oTaHa flO nono6HIO ~IOllYJJbHO~i MarncTpaJJbHOH WHHbl, Me)Kny OTllCJibHbiMH 3JieMeHTaMH 

ceTH, coenHHeHHbiMII s KOJJbUO. BoJMO)KHa opraHHJaUH}I 6onee CJJO)KHbiX CTPYKTYP SCI c 

IICnOJJb30BaHIIeM CrieUIIaJJ I1311pOBaHHbiX MOCTOBbiX 3JieMeHTOB. Ha pHC .6 riOKa3aHa TaKa}~ 

CTpyKTypa, fiOJBOJI}IIOLU~ TaK)Ke pewaTb npo6JJeMy 06bellHHeHH}I annapaTypbl, BbinOJIHeH­

HOii B paJnHYHbiX cTai·IllapTax. CKopocTb nepena'IH naHHbiX no nHHHH SCI MO)KeT 
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HIPPI 
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SCI - SCI 
Bridge 

SCI - SCI 
Bridge 

SCI - FB+ 

PHc.6. OpraHHJaUHjj CHCTeMbi Ha ocHoae CTaH!lapTa SCI 
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.QOCTHraTb 1 f6aiiT/c. CTaHAapT o6ecne'lHBaeT noCTpoeHHe KaK He6onblllHX O.QHoypoaHe­

BhiX CHCTeM, TaK H O'leHb CJIO)KHbiX MHOroypOBHeBbiX. 

3. ABTOMaTH3aUHjj CTeH.QOBhiX ycTaHOBOK 

CoJ.QaHHIO cTeHAOBhix ycTaHOBOK B cospeMeHHOH ¢H3H'lecKoi-i na6opaTopHH y.QenjjeTCjj 

60JiblllOe BHHMaHHe, TaK KaK OHH jj8JijjiOTCjj OCHOBOH .QJiji opraHH3auHH KaK 60JihlllHHCTBa 

MeTO,!lH'leCKHX HCCJie.QOBaHHH, TaK H Y4aCTKOB MaCCOBOfO I1pOH 3BO.QCTBa H TeCTHpOBaHHjj 

.QeTeKTopos, MarHHTOB H Apymx 3JieMeHTOB ycKopHTeneii H c n eKTpoMeTpos. TaK:, .Qe­

TeKTHpyroruM 'laCTh COBpeMeHHOH 3KCI1epHMeHTaJihHOH ycTaHOBK COCTOHT H3 Ha6opa .Qe­

TeKTOpOB (KanOpHMeTpbl, perHCTpaTOpbl TpeKOB, MIOOHHbie .QeTeKTOpbl H T . .Q.), KIDK)lbiH H3 

KOTOpbiX HMeeT CBOIO C06CTBeHHYIO CHCTeMy perHCTpHpyrorueii 3JieKTpOHHKH H CHCTeMy 
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MOHHTOpHp08aHH.II. Bee CHCTeMbl !leTeKTOp08 !IOJI)KHbl 6b!Tb COOT8eTCT8YIOWHM o6pa30M 

orrecTHpo8aHbl nepen c 6 opKOH. TaKHM o6pa30M, cyweCT8yeT HaCTOSITenbHa.ll Heo6-

XO!IHMOCTb 8 opraHH3aUHH TeCTHp08aHH.II 3THX 3neMeHT08 Ha CaMbiX pa3nH4HbiX 3Tanax HX 

cyWeCT808aHH.II, HalJHHa.ll OT CaMblX paHHHX MaKeT08 Ha CTa!IHH KOHCTpyHp08aHH.II, H 8 

o6ecne4eHHH nponon)l(eH H.II HX cpyHKUHOHHpo8aHH.II Ha npOTSI)I(eHHH 6onee 'I eM I 0 neT 8 

COCTa8e yCTaH08KH 80 8peM.II cpH3H4eCKHX H3MepeHHH (2) . 

.[ln.11 Ka)I(!IOfO H3 !leTeKTOp08 3KCnepHMeHTaJlbHOH ycTaH08KH cnenyeT OCyWeCT8n.IITb: 

C08epweHCT808aH He H nOCTO.IIHHYJO MO!lepHH3aUHIO perHCTpHpYJOWeH 3neKT­

pOHHKH; 

npo8e!leHHe TeCT0 8biX ceaHC08 nonHOMaCUITa6HblX npOTOTHn08 Ha YCKOpHTene; 

opraHH3aUHIO KOHTpOn.ll 3a npOH380!ICT80M 3neKTpOHHbiX MO!lyneii ; 

KaJJH6p08KY KOHelJ HOH npO!IYKUHH; 

nOnHyJO OTnanKy BCeX 3neMeHT08 OT !leTeKTOp08 !IO 3neKTpOHHKH npH c6opKe H 80 

8peMl! TeCT08 Ha KOCMHKe; 

opraHH3aUHIO KO HTpOn.ll H ynpa8neHH.II 8 pe)I(HMe peanbHOfO 8peMeHH npH pa60Te 

8CeH ycTaH08KH . 

CHcTeMa a8TOMaTH3auHH CTeHna non)I(Ha 6bnb Hane)I(HOH, nerKo nepecTpaH8aeMoii H 

rH6KOH 8 HcnOnb308aHHH . npHHUHnbl apXHTeKTypHOfO nOCTpOeHH.II TaKHe )l(e, KaK nn.ll CC.[l 

He60nbWHX 3KCnepHMeHTaJl bHbiX ycTaH080K . 

4 . A8TOMaTH3aUHSI ycKopHTeneii 

CHCTeMbl a8TOMannaUHH YCKO~TeneH HMeJOT C8010 cneuHcpHKy. 3TO - H3MepeHHe 

napaMeTp08 nYlJKa H CHCTeM YCKOpHTen.ll, 8eneHHe KOHTpOn.ll 3a 3THMH napaMeTpaMH 8 

peanbHOM MaCWTa6e 8p eMeHH H opraHH3aUH.II ynpa8n.IIJOWHX 803LleHCT8HH Ha CHCTeMbl 

yCKOpHTen.ll KaK llll.ll 3a!laHH.II pa604HX pe)I(HM08 pa60Tbl, TaK H npH nOSI8neHHH HapyweHHH 

8 HX tPYHKUHOHHp08aHH H. 3neMeHTbl CHCTeMbl a8TOMaTH3aUHH pacnpeneneHbl no yc­

KOpHTeJliO H MOryT pacnon araTbC.II Ha 3HalJHTenbHOM paCCTOSIHHH npyr OT npyra (I 00 H 5o­

nee MeTp08), npH 3TOM n p o6neMbl KOMMYHHKaUHH H pa3neneHHSI cpyHKUHH a8TOMaTH3aUHH 

Me)l(!ly HHMH 8biXO!l.IIT Ha n ep80e MeCTO. ApXHTeKTypa CHCTeM a8TOMaTH3aUHH ycKOpHTeneii 

80 MHOfOM HanOMHHaeT CXeMy, H306pa)l(eHHYJO Ha pHC .28. Ho 8 HeH 06beL!HHeHbl CeTbiO He 

TOnbKO 6onbWHe rpynmi yCTpOHCTB (KpeHTbl, CTOHKH), HO H OTnenbHble ycTpOHCT8a, KOTO­

pble COOTHOC.IITC.II !Ipyr C npyroM no npHHUHny KJlHeHT - cep8ep. 3To BO MHOfOM Ha­

nOMHHaeT aBTOMaTH3aUH JO npoH3BOLlCTBeHHbiX npoueccos KaK no CTPYKType, TaK H no Ha-

6opy !laTlJHKOB (H3MepeH He TeMnepaTyp, !laBneHHSI, ypOBHeH )I(HL!KOCTeH H !lpyrHX MellJleHHO 

H3MeHSIIOWHXCSI 80 8peMe HH napaMeTpOB) H HCnOnHHTenbHbiX yCTpOHCTB (BeHTHnH, 3a­

CnOHKH, nepeKnJOlJaTenH H T .n . ) . 

nocTpOeHHe C08peM e HHbiX CHCTeM aBTOMaTH3aUHH npOH3BOllCTBeHHbiX npOUeCCOB OC­

HOBaHO Ha HCnOnb30BaH HH rpynnbl CTaH!IapTOB, 06beL!HHeHHbiX KOHUenuHeH fieldbus (9) . 

OcHOBHaSI uenb CTaH!IapTa - no KOMMYHHKauHOHHaSI noMep)I(Ka none8biX, TO ecTb pac-
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npe,lleJieHHbiX no ofueKTY aBTOManBaUIUI, npH60pOB H CHCTeM ynpaBJieHHJI npoueccaMH. 

CTaH.IlapTH30BaHH&JH npoTOKOII Fieldbus npocT&JM H acpcpeKTHBH&JM o6pa3oM o6ec­

net.JHBaeT o6pa30BaHHe KOMMYHHKaUHH Me)l(.lly YCYpOHCTBaMH H OHTpOIIIIepaMH no BCeMy 

o6&eKTy. 
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PHc.8. onoK-cxeMa <<YMHOfO>> npH6o­
pa 

Ha pHc.7 noKa3aHa cxeMa 

CHCTeMbl aBTOMaTH3aUH H, no-

CTpOeHHOH Ha OCHOBe 3T0f0 

CTaHnapTa. 3TO MHOrOypOBHeBa.ll 

CHCTeMa. Ha HHJt<HeM QJHJH'Jec­

KOM ypOBHe (<l>Y) ocyweCTBJlll­

eTCll KO.llHpOBKa H paCW HQJpOB­

Ka naHHbiX .llllll noneBbiX n pH6o­

pos . H<r yposHe nep ena4H 

c.~upHoB B.A. HcnoJlbJOBaHue «OmKpblmbiX» cmaHI)apmoB 

r.1HTepct>eMc Fieldbus I 
Mr.1Kponpou.eccop I 

AUn r.1nr.1 UAn J 

AaT'4r.1K r.1nr.1 3neMeHT ynpaaneHr.1SI I 

.llaHHbiX (Ynn) nO.ll.llepJKHBaeTCll npOTOKOJl CeTeBOH CBli3H, ocywecTBJlliiOTCll npOCTble one­

pauHH no CBli3H <l>Y c nY Ha npHKlla.llHOM ypoBHe (nY) npOH3BO.llHTCll no.ll.llepJKKa npouec­

COB ynpasneHHll H peweH IIll npHKlla.!IHbiX 3a.lla4 asToMaTH3aUHH. YposeHb nonbJOBaTenll liB­

JllleTcll .llOnOJlHHTeJlbHbiM H CllYJKHT .llllll opraHH3aUHH CBl!JeH MeJK.llY OT.lleJlbHbiMH nO.llCHCTe­

MaMH s pea.IlbHOM MacwTa6e speMeHH. Bee ypoBHH o6be.llHHeHbi ceTbiO .llllll opraHHJaUHH 

JlOKa.IlbHOfO o6cnyJKHBaH IIll (nepe.lla4a KOHCTaHT, JanycK npOrpaMM H T . .ll.). npH60pb1, 

HCnOJlbJyeMble B CHCTeMe, liBJlliiOTCll «YMHbiMH>>, TaK KaK B HHX BCTpOeHbl MHKponpoueCCO­

pbl (CM. pHc .8), npH JTOM .llaHHble nepe.llaiOTCll yJKe B UHQJpOBOM, a He B aHa.IJOfOBOM BH.lle. 

CHcTeMa asToMaTH3auHH, OCHOBaHHa.ll Ha CTaHnapTe Fieldbus, no cpasHeHHIO c paHee 

COJ.llaHHbiMH o6nanaeT CJle.llyiOWHMH npeHMyWeCTBaMH: B HeH YMeHbWaeTCll KOJlH4eCTBO Ka-

6enbHbiX COe.llHHeHHH; o praHH30BaHa .llBYCTOpOHHllll CBll3b ynpaBJlliiOWHX . ycTpOHCTB C 

.llaT4HKaMH H HCnOJli!HTeJl bHbiMH ycTpOHCTBaMH .llllll npOBe.lleHHll nepHO.llH4eCKOfO KOHTpO­

Jlll, Ka.IJH6pOBKH H .llHar.HOCTHKH HeHC:"npaBHOCTeH; o6pa30BaHa CeTb «yMHbiX» npH60pOB, 4TO 

nOJBOJllleT npOBO.llHTb HOp Ma.IlHJaUHIO nepenasaeMbiX .llaHHbiX H 06MeH .llaHHbiMH MeJK.lly Jli0-

60H napoif npH6opos; HCIIOJlbJOBaHo CTaHnapTHOe nporpaMMHOe o6ecne4eHHe, TaK KaK see 

ycTpOHCTBa BblnOJlHeHbl B e.llHHOM CTaH.llapTe. 

5. 3aKnl04eHHe 

8 pa60Te paCCMOTpe Hbl npeHMyWeCTBa HCnOJlb30BaHHll «OTKpblTbiX» CTaH.llapTOB npH 

nOCTpOeHHH CHCTeM aBTO MaTH3aUHH .llllll BCeX COJ.llaBaeMbiX B na6opaTOpHliX TlinOB ycTaHO­

BOK, OpHeHTHpOBaHHbiX Ha npoBe.lleHHe JKCnepHMeHTa.IlbHbiX HCCJle.llOBaHHH 06JlaCTH <1>83 

H P51<l> . Cpe.llH JTHX cTaHnapTOB Bbi.lleneHbi rpynnbi WHpoKo HcnonbJyeMbiX, HJBeCTHbiX 

cTaHnapTOB (CAMAC, Y M E, YSB, FASTBUS), cpaBHHTe1lbHO He.llaBHO 3asoesaswHx npa­

so Ha JKHJHb (.!IHcpcpepeH U Ha.IlbHa.ll WHHa VSB H VIC) H pa3pa6aTbJBaeMbiX .llllll 6ynyu!Hx 

npHMeHeHHH (SCI, Fieldb us). noKaJaHbi o6wHe H cneuHcpl14eCKHe oco6eHHOCTH s nocTpo­

eHHH CHCTeM aBTOMaTH3aU HH .llllll 3KCnepHMeHTa.IlbHbiX ycTaHOBOK, CTeH.llOB H YCKOpHTeJleH . 

J1CCJle.llOBaHitll , OnHCaHHbl e B .llaHHOH ny6JlHKaUHH, 6biJlH BblnOJlHeHbl npH nO.ll.llepJKKe MeJK-
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