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ON THE POSSIBILITY OF FUSION REACTIONS
IN WATER MOLECULES

V.B.Belyaev, A.K.Motovilov, W.Sandhas

The probability of nuclear transitions p+p + 160 ¥Ne (4.522,17) in molecular water is
estimated. Due to a practically exact agreement of the cnergy of the Ne resonance and of the
p+rp+ 160 threshold, the transition probability is found to be considerably enhanced. This
indicates the possibility of nuclear fusion in rotationally cxcited H,O molecules of angular
momentum 1°.

The investigation has been performed at the Bogoliubov Laboratory of Theoretical Physics,
JINR, and Physikalisches Institut, Universitit Bonn (Germany). .

O BO3MOKHOCTH PeaKUHil CHHTe3a B MOJIEKYAaX BOJbI

B.B.Fenses, A.K.Momosunos, B.3anoxac

OucHitBacTCA BCPOATIIOCTb SIEPHBIX Nepexonos p +p + 160 - '¥Ne (4.522,1") 1 Monexyne
BOAB!. YCTaHARANBACTCA CYICCTBEHHOC YBENHYEHNE BCPOATHOCTH TAKHX Nepexoron Gnaronaps

NPAKTHYECKH TOYHOMY COBNAZCHHIO 3NCPriy pesonanca Ne n nopora p+p + 10, Bee ato
YKQILIBACT 112 ROIMOXHOCTL PEAKILIU SACPHOIO CHITEIA BO Bpamareibio so30yxnentux Mone-
xynax H,0 ¢ yrnosuim mosmentonm 17,

PaGoTa seinonuea o JJaGoparopuu Teopernuccxoii ankn uym. H.H.Borono6osa OUSH n
(u3nyeckom nuctirryre Boutickoro ymsepcurera (Fepmanns).

Nuclear states with binding or resonance energies close to breakup threshold have a
large spatial extension due to a long tail of the corresponding wave functions. For instance,
the ground state of the nucleus 8B, i.e., of the main source of high-energy solar neutrino
[1], is separated from the p+7Be threshold by only 130 keV. Integrations up to 300 fm,
hence, are needed [2] when treating the process p +Be— %B +7.

In nuclear reactions, the existence of near-threshold intermediate states leads to a con-

siderable increase of the transition probability. As an example we recall the muon-catalyzed
dt fusion in the molecule (i), which takes place primarily via the mechanism

d+t—>5He(3/2+)—>4Hc+n.

Since the difference between the energies of the dr threshold and the He 3/ 2" resonance
is only about 50 keV, it is not surprising that the probability of this process exceeds at least
by four orders of magnitude the probability of nuclear transitions in the (ddp) or (pdp)
molecules where no such resonances occur [3].
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ﬁ-i-

181:'

Fragment of the nucleus "BNe spectrum

In this note we want to point to an analogous situation, however in an ordinary
(electronic) molecule. From the level scheme of the nucleus 18Ne [4,5] presented in the
Figure, we infer that the measured energy E =4.522 MeV of 8Ne (17) coincides up to the
last figure with the threshold energy of the three-body channel p+p+l60. Since the
binding energy of the water molecule is only a few eV, this means that the rotational 1~
state of H,0 and the "BNe (17) state are degenerate in energy. Excited molecular water of
this angular momentum, thus, is to be considered as a superposition of these pure molecular
and nuclear states. In other words, the wave function of real water molecules in the 1~ state
contains always an admixture of the '8Ne (17) nuclear wave function.

The mixing coefficient of this superposition, and thus the nuclear transition probability
in the H,O molecule, is given by the overlap integrai between the «pure» states. Due to the

proximity of the resonance and threshold energies, intermediate and large distances (in
nuclear scale) contribute considerably to this integral. As a consequence, the nuclear

transition probability is enhanced, instead of being suppressed by the usual Coulomb barrier
factor [6].
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The estimate on which this statement rests is based on the following ansatz for the
wave function of the water molecule,

1 5/2("10» KP) —Kp ]M(x Ij

Vna®) =% 03/2

mol

M

Here we use, instead of the Jacobi variables {x, )ﬂ of the p+ p+ 160 system, the set of

hyperspherical variables X = {p, o, 3 y} with p= Vi +y being the hyperradlus and
® = arctan y /x, the hyperangle. For the five angles in X, the notation Q = {®, x y} will be
used, and the Coulombic potential of our problem is written in the form V(X)=V(Q)/p.
By F,, the regular solutions of the hyperradial Schrédinger equation are denoted; and by
Y J{’(f\:\, 9), the eigenfunctions of the total angular momentunt operator. N = is a

normalization factor, and K~ \Jlemoll represents the momentum corresponding to the

binding energy € of the H,O molecule; ny=V,/2x:is a kind of Sommerfeld parameter,
where VO is obtained by averaging V(£2) with the angular part of ‘Vmol(X)' The ansatz (1)

takes correctly into account the Coulomb repuslion between the particles at smail distances,
as well as the geometric size of the water molecule.

For the description of the 18Ne nuclear resonance state (17), we use the asymptotic form
of the Coulombic three-body break-up function normalized to the nuclear volume,

Y =% U‘},?l ¥ 3.9, @
where
7. @) =J i oxp{ ikp -1 55D 1n 2K | 1R ). )

Here, K ~VE is the momentum corresponding to the energy E of the outgoing particles
150 + p+p.
Within the models (1) and (2) we find for the overlap integral the asymptotic estimate

n .
1~exp{—-2—n?(}exp{tn?(S}, 4)

where T]K Y /2K is another kind of Sommerfeld parameter, with V_. being the

minimal value of the angular part V() of the total Coulomb potential. The phase S depends
onV . and a parameter €=K/x. From its definition follows that £ can vary between

0<Es «/rzp / Ismoll with T, being the width of the 18Ne (17) level for the decay into the
p+p+ 160 channel. When studying S as a function of £ it turns out that there exists a wide
subdomain of values of & in which S <0 and | Im S| >12E . That is, the overlap integral (4),

and thus the transition rate
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W=xc|1]? (5)

of the process H,0— 18Ne (17), increase exponentially with decreasing K (at small energies

E~K?). This is to be contrasted with the usual opposite behaviour of transitions into
short-ranged (non-resonant) nuclear states.

The above estimates imply that molecular water in the 1™ state has a non-vanishing
probability to go over into the excited state 18Ne (17), which then will decay either into the
channel '"F+p+Q, (Q,20.6 MeV) or into the chain '®Ne(17)— "¥Ne+y+Q, —

- '8F +et+v (Q2 =4.522 MeV). Unfortunately, the partial widths of these two transitions

are unknown and, therefore, it is impossible by now to estimate the whole energy release
in the considered process of «burning» molecular water.

This work was partly supported by the Scientific Division of NATO, grant N0.930102.
Two of the authors (V.B.B. and A K.M.) are grateful for financial support to the
International Science Foundation and Russian Government, grant No.FRB300.
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AN ANALYSIS OF PION SPECTRA
OF THE CHARGE-EXCHANGE REACTION Mg (¢, >He)

F.A.Gareev, K.A.Gridnevl, A.G.Semtchenkovl,
A.V.Pozdniakov’, Yu.L.Ratis®

We have studied the charge-exchange reaction Mg (¢, 3He) by using the n—p—g’-model and
formalism of effective number. Attempts have been made to find information about the value
of the (NN - NA)-interaction renormalization in going from vacuum to nuclei. We obtained a
good qualitative description of the position of the A-peak of the theoretical pion full-energy
spectrum by changing the attributes of the nucleon-nucleon interaction in going from vacuum
values of effeclive masses of nucleons, mesons and A-isobar to nuclei. .

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

AHaJIM3 CNEeKTPOB NMHOHOB PeakuHH nepe3apsaku Mg (¢, 3He)

®.A.I'apees u dp.

Peakuust nepesapsankss Mg (1, 3He) M3yuanace B paMkax R~p—g’-Moaenn i dopManiama ad-
thexneubix yucen. Bewa caenana nonelTKa NOMYMHTL HHGIOPMALHMIO O BEJIHYHHE NiepeHOp-
MuposkH (NN — NA)-B3auMoneiicTsist NpH fepexofe OT Bakyyma K suepHOH Matepuu. Bee-
AcHueM dakTopa uaMeHeHHS 3heKTHBHLIX MACC HYKIIOHOB, MEIOHOB W A-H3062ps! 1ipy fnepe-
XONEe OT BaKyyMa K sapy NOJMYMEHO XOpOllee KayeCTBEHHOE ONMMCAHHE NONOXCHHS NHKa
TEOpeTHYECKOrO CHEKTpa MONHOM 3HEPTHH ME30HOB.

PaGota sninonuena s JlaGopatopuu Teopetudeckoii ¢uiuki uM. H.H.BoromoGosa OUSH,

Interest in the study of the charge-exchange reactions with the A-isobar excitation is
connected with attempts to find information about the value of the (NN — NA)-interaction
renormalization in going from vacuum to nuclei. The experimental data analysed and pre-
sented in the review [1] show the differences in masses and widths of the A-isobars in
vacuum and nuclei. The calculations in the framework of the well-known Nambu — Jona—
Lasinio model {2] and the model of constituent quarks [3] have qualitatively the same
results. )

The models predict reduction of meson and nucleon masses in the nuclear matter. We
assume that surpluses of quark-quark interactions in the A-isobar satisfy the same equations

'Institute of Physics of St. Petersburg State University, Russia
2Radium V.G.Khlopin Institute, St. Petersburg, Russia
3samara State Acrospace University, Russia
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aoMt My My My
MMM, M,

where M* and M are masses of nucleons, mesons and A-isobars in the nuclear matter and
vacuum, respectively.

In this note, we try to qualitatively describe pion spectra of the charge-exchange reac-
tion Mg (¢, 3He) on the assumption of the influence of the nuclear matter. The n- and

p-meson diagrams were taken into account. The experimental data have been obtained in
the GIBS experiment {4] at the beam momentum 9.15 GeV/c and angle 0°.

We use the manner [5,6] that is based on the n—p—g’-model and the formalism of
effective numbers. The inclusive cross section of the charge-exchange reaction on nuclei is

do[**Mg (1. *He),. X]
dQdF

dofn+n—p+A4A)

=3 % No FIO) » 40 dE

*
frec

s n—p+A” . . -
where dot P ) is the cross section of the elementary process on the free
dQ dE free

nucleon, and F(¢) is the form factor.

Calculations have been done for the (In, Op)-topology when only m -mesons were
among the products of the reaction. The unperiphery’s degree of the process (the influence

28 ]
o - A(1232) N(938
{24] veeri D Aleser) N9
~ et~ A 862% N(657
0)20_ xxwex — A(739 N(536
3 PR R Pobeddl —~  experimental data
N _1 N m(139)
516 AN p(765)
E
12 He
©
c 8
®)
~
b 4
© . Ar
O '{Zl" — T T T T T - ?&ﬁ
0.1 0.2 0.3 0.4 0.5 0.6

E. (GeV)

Fig.1. Theoretical spectra of full energy of pions in the topology (In”, Op) at
different values of the effective masses of the nuclecon and A-isobar nor-
malized to the maximum of the experimental spectrum
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of the nuclear matter) was taken into account by the A(p)-parameter. This parameter des-
cribes reducing the effective mass of the nucleons, p-mesons and A-isobars inside nuclei:

* *

m: My M
MY =T =0 =,

p A

" We have calculated the energy spectra of pions with the set of values of A(p): 1, 0.9, 0.8,
0.7, 0.6.

The main results of calculations are shown in Figs.1 and 2.

Figure 1 shows the data of theoretical and experimental energy spectra of pions for the

(In, Op)-topology. We did not change the p-meson mass in these calculations. It has a
vacuum value. All theoretical spectra were normalized to the maximum of the experimental
spectrum. The analysis of spectra shows that the experimental spectrum has the peak at
200 MeV, The theoretical spectrum using the vacuum effective mass of the nucleon, p-
meson and A-isobar has the peak at 300 MeV. We used the parameter A reducing the
effective masses of the nucleon, p-meson and A-isobar thus shifting the theoretical peak
towards zero. The theoretical and experimental spectra have the same position of the peaks
when the parameter is equal to A = 0.7. This fact r:eans that the effective masses of the

nucleons and A-isobar in the nuclear matter can be estimated as: M * = 0.7M and MA‘k =
= 0.7MA. The results of our calculations agree with the data in [2,3].

Y
N

PR SN W S N T SN SN WO T TN S SN T HA TN S T S DN D SO A TG A T S S BN |

O

do/dQdE (mb/GeV/sr)

0.1 02 03 04 05 06
E, (GeV)

Fig.2. Theoretical spectra of full cnergy of pions in the topology
(In”, Op) at different values of the effective masses of the p-meson
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We also studied the influence of the effective mass of the p-meson on the energy

spectra of mesons in the (11", Op)-topology (Fig.2). The calculations show that the reducing
of the effective mass of the p-meson from vacuum value to nuclear matter value by using
factor A(p) results in contraction and some shift of the peaks towards lower energies. In all
the calculations the vacuum value of the n-meson M, = 139 MeV has been used.

So, we obtained a good quality description of the position of the A-peaks of the theo-
retical pion full-energy spectrum by reducing the attributes of the nucleon-nucleon inter-
action in going from the vacuum effective mass values of nucleons, mesons and A-isobar
to the nuclear values. This was predicated in the chiral theories.

This work was supported by Grant of the Foundation for Fundamental Research, St.
Petersburg.
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SIMULATION OF e'e” PAIR PRODUCTION
AND DETECTION IN THE ALICE EXPERIMENT

B.V.Batyunya, N.V.Slavin

Simulation of e*e” pair production in PbPb interactions at LHC energy and of registration

in the ALICE detector has been done. An influence of external y-conversions on e*e” combi-
natorial background is studicd. Some details for selection cuts to improve the signal-to-back-
ground ratio are considered.

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

MonennposaHue POXKAEHHA H AETEKTHPOBAHHA e‘e -nap
B 3kcnepumente ALICE

B.B.Bamions, H.B.Crasun

Mposegeno Moneniposanne poxacuns ete ~nap 8 PbPb-mianMopesicTamnsx npH 3HEPruH

LHC u perucrtpaty HxX B actekTope ycraHosKH ALICE. Hayuero miusuue BHelHed raMMa-

KOHDCPCHH A e'e” KoMBMHATOPHbI ioH. PAaccMOTPEHE HEKOTOpHIC IETANH BHGOpA KPHTe-

PHEB, YyuitaomnX OTHOLICHHE CHIHAN-(hoN.
PaGota Boinontena s JlaGoparopun seicokHx anepriii OUSIH.

1. Introduction

The important role of leptonic pair investigations in heavy ion collisions is discussed
elsewhere. This possibility was considered also for the ALICE experiment and special
Monte Carlo study has been done [1] to decide some problems for a selection of the vector

meson decays to e'e” final states. The most problem is the high combinatorial background
which relates to the Dalitz decays or external y-conversions and is essentially proportional

to the square- of number of e’e” pairs. This difficulty is made worse by an impossibility to
recognize and remove a large part of Dalitz decays and y-conversions because of a loss of

et or ¢~ from the decay pairs (as a consequence of the detector acceptance, tracking
efficiency and particle identification).

In this paper we studied particularly an influence of the external conversions, since
only some suppositions about ones have been discussed in the ALICE Lol [1]. Besides, we
present some details for the selection cuts which were used in order to improve the signal-
to-background ratio (S/ B).
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2. Rates of the y-Conversions

To obtain a rate of y-conversions, we used the GEANT-based program ([2] for
simulation of the ITS (Inner Tracking System) of the ALICE. Also, the HIJING code [3]
has been chosen to generate an event of PbPb central collision at an energy of 6.3 A TeV.
The event contained 79000 particles and gammas in all phase space, with charge particle
density of dN/ dy ~ 5000 at y =0. We cutted charge particle momenta from p = 0.03GeV/c

and found 11122 y and €'/~ (54 ¢'e” pairs) from the primary vertex of an interaction in
the ITS rapidity region of ~1 Sy < 1.

The ITS simulation package {2] contains geometry decks with five cylindrical silicon
detectors (silicon layers of 300 pm thickness, a inechanical supporting system and a cooling
system). Besides, the beam-pipe has been put to the GEANT geometry (Be, a radius of
4 cm, a thickness of 0.2 cm, a radiation length of 0.56% of X0). By requiring a hit at the
nearest position from the primary vertex, photon conversions were restricted to the beam-
pipe and the first silicon detector (pixels). We note, that the radiation length of the pixel
detector has been taken equal to 0.52% of X0 (0.32% for the silicon and 0.2% for the
electronics) because a gas coolant and the beam-pipe as a support are assumed in this case.

The €'/ ¢ -tracks at a momentum of p = 0.03 GeV/c were selected as above.

The simulation result for numbers of the conversions is presented in Table 1. One can
see from this that the e/ ¢ conversion number (101) is near the same as one produced in
the primary vertex. But, of course, a large rate of conversions can be recognized by the
following signs:

+ a secondary vertex (conversion point) of the e"e” pair,

* a non-zero impact parameter of the single track,

* a double pulse-heigt of the hit as a consequence of double dE/dx for close pairs

which do not open up in the weak field (0.2 T).

The most problem for the first and second signs is a very high charge particle space
density near the vertex. A rate of the recognized conversions depends on the track reconst-
ruction algorithm and may be assumed reasonably of (60+ 80)%. We found also that a

mean distance between ¢* and e~ is near | mm at the first silicon layer, when a photon
converts inside the beam-pipe. It means that the third sign (double dE/ dx) is realized only
when the conversion point is inside the first silicon layer (=~ 50% of the conversions). We
note that an additional difficulty of such a method is also an existence of only one hit-point
with a double pulse-height for a e*(e7)-track. According to Table 1, 10+ 20 conversion

pairs remain unrecognized, (20 +40)% from the amount of 54 e'e™-pairs produced in
primary vertex. '

Table 1. The conversion number from the simulation

Y-conversion pairs Single e* from conversion pairs Single e~ from conversion pairs

33 17 18
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3. Simulation of e'e” Pair Production

Next we used the SHAKER code [4] to generate production and e*e” mode decays

(two-and-three-body decays) of the 0, mn pO. , 9, J/ ¢ and Drell-Yan pairs in central PbPb
collision at 6.3 A TeV. The particle numbers and ratios and the weights for particle Pr

distributions were taken just the same as in Refs. [1,5). Also, the special parametrizations
[1] of tracking efficiency and pion rejection have been put for the detector simulation (it
should be noted that more realistic parametrizations are now under study). The rapidity
region, —1 £y <1, was considered.

Additional Dalitz pairs have been generated instead of y-conversions, since an absence
of a special conversion generator in the SHAKER code. To justify such a simplification, we
emphasize a very small difference between transverse momentum spectra (at p 2 0.03
GeV/c) of the conversions ((p7):'0.126 GeV/c) and Dalitz pairs ((pT)sz.130 GeV/c).

Besides, a zero effective mass and very small angle between ¢ and €™ have been imitated
for the conversion pairs at the step of cut-1 (see below), because of important role of these
characteristics for the background rejection. The rates of the conversions were taken from
the simulation described in Section 2. We added 10 and 20 conversion pairs per event (to
the 52 Dalitz ones) for an oprimistic and pessimistic versions, repectively.

4. Results of the SHAKER Simulation

As a result of the SHAKER simulation (100 K events), the S/ B values are presented in
Tables 2 and 3 for three different variants:

« without the conversion e'e” pairs,
» with 10 conversions per event (in addition to 52 Dalitz pairs),
» with 20 conversions per event.

Table 2, Results of the SHAKER simulation for the po, o region of m,,

S/B S
Atm,, of Atm,, of Atm,, of Atm,, of
070+0.84 GeVic? | 0.76+0.84 GeV/ic? | 0.70+0.84 GeV/e? | 0.76 +0.80 GeVi/c?

No conversions 0.0018 0.0058 1433 1100
10 conversions 0.0013 0.0036 1433 1010

per event
20 conversions 0.0010 0.0027 1403 1010

per event :




16

Batyunya B.V., Slavin N.V. Simulation of e*e¢” Pair Production

Table 3. Results of the SHAKER simulation for the ¢ region of m,,

S/B

Atm_ of
0.95 + 1.10 GeVic?

Atm,, of
1.00 + 1.04 GeV/c?

Atm, of
0.95+ 1.10 GeV/c?

At m,, of
1.0 + 1.04 GeV/ic®

No conversions

10 conversions
per event

20 conversions
per event

0.0021

0.0016

0.0012

0.0073

0.0054

0.0040

530

534

337

490

485

492

Table 4. The same as in Table 2 (for 20 conversions) with the cuts |1 + 4 (see text)

/B
Cuts Atm, of Atm_ of Atm_ of Atm, of
0.70+0.84 GeVie® | 0.76+ 0.80 GeV/ic> | 0.70+ 0.84 GeV/c? | 0.76 + 0.80 GeV/c?
1 0.005 0.0015 350 246
2 0.008 0.0021 133 97
3 0.004 0.0109 59 42
4 0.059 0.158 55 42

Table 5. The same as in Table 3 (for 20 conversions) with the cuts 1 + 4 (see text)

S/B
Cuts Atm of Atm, of Atm,, of Atm, of
0.95 + 1.10 GeV/c? | 1.00+ 1,04 GeVic? | 095+ 1.10 GeVic? | 1.00 = 1.04 GeVic?
1 0.006 0.022 145 132
2 0.008 0.028 67 62
3 0.020 0.069 40 37
4 0.038 0.132 31 29
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The numbers of ete” pairs from po-, - and ¢-resonances (§) are shown also. All results
are presented for different regions of eTe” effective mass (mee) and after the cuts for the

tracking efficiency and pion rejection [1] and for an acceptance restriction (8 =90° % 40°).
Orie can see from Tables 2 and 3 that ratios are too small and an influence of the
conversions is significant enough. In order to improve the S/ B ratio we applied a number

of successive cuts (step by step) for the e*e™ effective mass and some kinematic variables

of kinematic e* and ¢~ from the e*e"-pairs. First of all, the cuts from the Lol [1] have been
used. An order of the cuts is following:

1. All ¢ and e~ forming pairs of m,, <100 MeV/c? are discarded if the opening angle

between the e* and ¢~ is less than 26° (cos (8) = 0.9).

2. All € and ¢ with the m,, <150 MeV/c? are removed from ‘the next step.

3. In the next step, we remove e" and e~ which are outside the fiducial area of
90° £ 40° or have a p,. below 450 MeV/c. '

4. Finally, we form the invariant mass of all pairs with p.(pair) 21 GeV/c.

The results of the cuts |1 +4 are shown in Tables 4 and 5 for the 100 K SHAKER
events with 20 conversions (per event).

Table 6. The S/ B values after the cut 3 (see text) at the py cut of 600 MeV/c

Atm, of Atm,, of Atm, of Atm,, of
0.70 + 0.84 GeV/ic? | 0.76+0.80 GeV/c? | 095+ 1.10 GeV/c® | 1,00 + 1.04 GeV/c?
No conversions 0.18 042 0.08 0.30
10 conversions 0.13 0.40 0.07 0.32
per event
20 conversions 0.10 0.29 0.05 0.17
per event
Table 7. The sane as in Table 6 at the p,. cut of 750 MeV/c
Atm,, of Atm,, of Atm,, of Atm,, of

0.70 + 0.84 GeV/c?

0.76 + 0.80 GeV/c?

0.95 + 1.10 GeV/c?

1.00 + 1.04 GeV/c?

No conversions 0.36 0.96 0.20 0.77

10 conversions 0.27 0.77 0.13 0.51
per event

20 conversions 0.24 0.11 0.40

per event

0.64
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Table 8. The same as in Table 2 with the optimized cuts (see text)

&8 S

Atm, of Atm, of Atm, of Atm,, of
0.70 + 0.84 GeV/ic® | 0.76 +0.80 GeV/c® | 0.70+0.84 GeV/ic® | 0.76 +0.80 GeVic?

10 conversions 0.26 0.69 45 33
per event

20 conversions 0.21 0.60 39 30
per event

20 conversions 0.18 0.51 1168 865
per event

for 3x 10° events

Table 9. The same as in Table 3 with the oprimized cuts (see text)

&8 S

At m, of Atm, of Atm, of At m, of

0.95+1.10 GeV/ic? | 1.00 + 1.04 GeV/c* | 095 +1.10 GeV/c? | 1.00 + 1.04 GeVic?

10 conversions 0.13 0.4t 27 25

20 conversions 0.10 0.31 25 23
per cvent

20 conversions 0.10 0.34 744 691
per event

for 3 x 10% events

It is seen from Tables 4 and 5 that the cuts 1 and 3 are the most effective ones (the
S/ B increases by a factor of 5+ 6) and cuts 2 and 4 rather weakly affect the §/ B value but,
however, cut 2 decreases near 2 + 2.5 times the resonance numbers. Next we checked punc-
tually the optimization of cuts 1+4. We found that cut 1 is optimized enough, however,
because of combinatorial effect an amount of 0.3% of Dalitz pairs remains only after this

cut action and practically single ™ and ¢~ come to the next step (cut 2). This is a main
reason of the low efficiency of cut 2, and the situation is not improved by a change of the

limit near the value of 150 MeV/c?. Further it was found that the S/ B ratio is very sensitive
to the limit in cut 3. This effect is seen from Tables 6 and 7, where the S/ B values are
presented after an action of cut 3 at the pylimit of 600 MeV/c and 750 MeV/c, respectively,

and for different numbers of the conversion e¥e™ pairs.
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The rise of the Py limit from

450 MeV/c up to 750 MeV/c increases
the 8/ B ratio by a factor of 5+ 7. But,
it should be noted that the resonance
numbers decrease near two times, We
nole also that cut 4 does not practi-
cally change the §/B values in this
case. To optimize the §/B ratios and
resonance numbers cuts 2 and 4 have
been removed and the pr limit (in
cut 3), equal to 750 MeV/c, has been
chosen. The final results for the opti-
mized cuts are shown in Tables 8 and
9 for 10° events and 3x 10° events
(for 20 conversions).

Figure 1 shows the effective mass

distribution of pairs e'e” (from reso-
nances and background) at the opti-
mized cuts for 3 x 10® events. Figure 2
shows the contribution, where both e*
and e come from one resonance (pO,
®, ¢). The results of the fits (Gaus-
sian — for the resonances and expo-

nential — for the background) are
shown as well.

Table 10 presents extrapolated
values of § and §/VB (the signifi-

cance) to the amount of 5x107
events.

Table 10. Extrapolated values
of S and S/ VB (siginficance)

to the amount of 5 x 107 events

s S/NB
At m, 14420 85
of 0,76 + 0.80 GeV/c?
Atm, 11520 63
of 1.00 + 1.04 GeV/c*

Entries/10 Mev

] 1 !

1 1 " ! S 1 i
0.75 0.8 0.85 0.9 0.95 1 1.05 J.1
., MossGev/cYV

Fig.1. Effective mass distribution of ¢*¢” pairs from the
po, ®, ¢ resonances and background at the optimized cuts
(see text). The curves are the results of fits: Gaussian —
for the resonances and exponential — for the background
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Fig.2. Effective mass distribution of pairs where both e*

and e~ come from one of the resonances (po, wor ¢). The
curves are the results of Gaussian fits



20 " Batyunya B.V., Slavin N.V. Simulation of e*e” Pair Production

5. Conclusion

The results presented in this paper show that the external y-conversion decreases the
signal-to-background ratio (§/ B) by a factor of 1.5 + 2 for the w and ¢ resonances. But, on
the other hand, the optimization of the selection cuts allows one to increase S/ B value by
factors of 5+ 6. Finally, we obtained the signal-to-background ratio of &/ B ~ 0.5 and 0.3
for o and ¢ mesons, respectively, at the oprimized selection cuts.
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KPAEBBIE D®®EKTbI B MHOT'OITPOBOJIOYHBIX
ITPOITOPITHOHAJIBHBIX KAMEPAX

M. q.Ulagppanos

TMpiMeHsBUIHECK 0 CHX NOp METOIbI pacyeta nofcii M notenuuanos B paGodem ofmeme
MHOIONpPOBOIOYHEIX NponopuHonanbueix xamep (MITNK) suinonxexbt 8 ApeANONOKEHIH, YTO
CHIHANLHLIC NPOBOMOYKH KaMepbl HE OTPaHHMCHbB! KAK 110 YHCIY, Tak M no wiike. Ilo atoit
NPpHYKHHC AAHHBIC O KpacBhIX 3thdekTax 3THX Kamcp He MorTH ObiTy nonyqensl. B HacTosweit
paboTe Ha ocHoBe cneUHansHO pa3paboTaHHOIO MCTONA KOMILIOTCPHONO MOAGTHPOBAHMS BlICD-
BblC MONYYCHbI BNCKTPHYECKHC XxapakTepHcTHKK mnanapheix MIITIK xoHeubix pasMcpos, B
TOM umMCnC HA Kpagx Kamep. PacucTol nozsonmnu onpeacsiuTs o6nacTh KaMcpwl, B KOTOPOil
Kpaessic 3PheKTsl HIpaloT 3AMETHYIO pOnb. )

PaGoTa Buinonuena B JlaGopatopust ceepxsbicoxnx auepruit OMSIU.

Edge Effects in Multiwire Proportional Chambers
M.D.Shafranov

Earlier, the methods to calculate the fields and potentials in the working volume of
multiwire proportional chambers (MWPC) have been used supposing the number of the sense
wires and their length to be unlimited. That is why the data on the edge cffccts of these
chambers could not be obtained. This work shows the clectric features of the planar MWPC
of the limit sizes including the chamber edges, received with a specially developed method
of computcr modclling. The calculations allowed one to determine the chamber parts where
the edge effects are significant.

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

1. Beenenue

Hoctuxenus cospemeiinioil Gu3UKKW BHICOKHX DHEPruiii ¥ 3fieMenTapHbix yacTuy obs3a-
Hbl yCrieXaM B pa3BHTHU METO0B 3KCNEepHMeHTa, CBA3aHHbIX B NIEPBYIO OUEPENL C HCMOJIb30-
BaHHEM MO3HLIHMOHHO-UYBCTBHTENBHBIX, HIIH KOOPAHHATHBIX, IeTEKTOPOB. B kauectse ocios-
HBIX KOOPAHMNATHLIX JETEKTOPOB B IKCHEepHMeUTanbHOi (hu3HKe NEMElTAPHBIX 4aCTUL CBhI-
111e YeTBEpPTH BeKa MPUMEHAIOTCE MHONONPOBOIOYHbIE TpOoNOpuHOoHaNbibe Kamepsl (MITIK)
[1—3]. MuoronpoBonouisle KaMmepbl, npiMeHseMble KaK JAETEKTOPbl 3apAXeHHbIX 4acTHLL,
YCMEuHo HCIonb3yloTcs W N8 perucTpaudy ueiitpanbupix dacTHu [4]. dPyukumeil xo-
OpIHNATIIONo AeTeKTopa gsasercs npeobpasopaiine Holn3anHoHHoro adexTa, coznasaeno-
ro 3apsikennoii yacTiueil, HpoXondlleii yepe3 akTHBHYIO Cpelly IETEKTOPa, B NEKTPHUECK Hii
curman. TpeGoBanie K JNeTeKTOPY — MaKCHMIbllo Bo3Moxias 3thdekTusilocTs o
MHHIHMaNbHble OWOKY B MOMyyaeMoii MpocTpalcTBelHOM H BpeMEITHOil nHopMattmiL.
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OcHoBubiMH cocTaBHbIMIt 3nemerTamu MIATIK aBnsioTes Mexannueckas CTpyKTypa,
2JIEKTPOAHAS CHCTEMA M raloBOE HaNojHeHHe. DJEKTPOAHAS CHCTEMAa COCTOMT H3 HABYX
napaieNblblx KaTooHbIX MIIOCKOCTedl, pacnosnoxeHubix Ha pacctosunn 2[. Mexny karon-
HbIMH TUTOCKOCTAMHM 3KBHAHCTAHTHO pa3smMelllenbl CHIHANbHbIE NPOBOIOUKH, HaXodAHeECs Ha
paccTosMul § Apyr OT Apyra. DnekTpoaHas chcrema ofecneunsaeT apeiid nepsHuHbIX 2EK-
TPOHOB, CO3AaBaeMbIX AETeKTHPYEMO uyacTuueii 3a cueT HoHH3aunl, 1t paBoTy Mexannima
rajoBOTO yCWIeHHs B OKPECTHOCTH KOHKPETHOil CHrHanbHoil (aHOAHOMH) NPOBONOYKH KaMe-
psi. B okpecTHOCTs CHrHaBHOM MPOBONOUKH M3-3a C1PYKTYPbl INEKTPHUECKOro MO MOTYT
nonacTe nepBH4HblE 3MEKTPOHL HOHW3aUMH TOJBKO M3 OrpPaHHYEHHOTO NpPOCTpaHCTBa,
NO3TOMY 2JICKTPHUECKHIT CHIHAT HECET H KOOPLMHATHYIO NPOCTPANCTBEHHYI0 HHhopMaLHio.

[Mepsbie ncchenosalns mianapusix MIIIK w ux 3Kcnnyatauus nokasana, uto €
yBenueHHeM Ha KaMmepe pabouHx HanpsxkeHuil pacTerT YHCJO IIYMOBBIX HMIIYAbCOB Ha
Kpaiitiix NpoBoJIOYKax, BOIMOXHO W NOsBIeHe HCKPOBLIX pa3psnos. YTobb ceectH Takue
ABMEHHs K MHHUMyMY, ObUlH palpaGoTaHb!l pa3fiMuHbBIE MEphbl, HaANpHMEp, NpHMeleHHe
OXpaHHbIX paMmoK, [TOCTENEHHOE yBe/lHYeHHe AHAMeTPOB HECKOJLKHX Kpaiiliix I1poBONoYeK
K KpasM Kamepbl. B HEKOTOpBIX Ciiydasx npuMensnach H3ONAUHA KpaliluX NPOBOJIOUEK,
KOTOpble BeJelncTeHe 3Toro npuobperany naasawowuii norenunan [5].

B nposesens pacueThi Kondurypausy ajekTpHyeckHx noseit 8 naanapnsix MIMK.
Ouy BeimoseHbl B AIPEANOAOKEHHH, YTO KAMEPHl HC Orpalitdelibl Kak No UHCHYy CHrHAbHLIX
NPoOBOJIOMEK, TAaK M MO CBOMM pa3MepaM BUOJIb CHPIIAIBILIX npoBosnouek [6]. Pacuern
CHITpAIH BAXHYIO POJIb B NOHHMAlHK TOro (hakTa, YTO Kakias NpoBOJIOYKA Kamepsl pabora-
€T KdK HEe3aBHCHMBIIi CHETYHK., DTH Xe pacueTsl NOKA3WIH, KaK HIMEHENHHE JHaMeTpa OiHOil
M3 NpOBOJIOYEK, CMeLleHHE NPOBOMOYKH BiHSET Ha (hH3HUECKHE XApPaKTepHCTHKH KaMmep.
Ouy 1103800111 OLEHHTD 11E€00X0AHMble MEXaHHYECKHE AONYCKH 1IPH H3rOTORJIEHHH Kamep.
BsmecTte ¢ Tem Takue pacuetsl [6—8] B npununne 1ie MoryT nath MH(OPMaLKHH O KpaeBhIX
athdektax. Ha ato 6wino ykasano ewe B [9]. K kpaeBbiM 3phextaM oTHOCHTCS Hamenenne
BEIMUMHGI H KONQHUIypauuy 31eKTPHUECKOro noss 11a Kpasx NekTponos, o6pasyouix Ka-
TOM KaMephl, KaK BAOJb KpaiiHHX MPOBOJOYEK KaMepbi, TAK W 112 KOIIAX BCEX CHIHAIBIBLIX
nipososiovex. Kouduirypauus u sennuHia aNeKTpHYECKIX N0OJIEI} 11a KPasx Kameph! 110 cpas-
HEHWIO C TeM, YTO MMEET MECTO B uenTpanbnoit obiacTi, CBA3allbl C JHIJIEKTPHUECKHMH
CBOJICTBAMH MEXAHHYECKHX CTPYKTYP KaMepbl., K TaKuM MEXallMUECKHM CTPYKTypaM OTHO-
caTcs auanekTpHueckHe pamkH. HauGonbuine mn3menenns 3jNEKTPHYECKOrO TNons BHOMb
Kpailiiix MpoBo/oYeK CBA3Albl C YBENHUEHHEM €MKOCTH 1IPOBOJIOYEK B YKa3aHlbX Bbilue
obnactsx pabouero ofbeMa Kamepol. 310 yrBepxKienie OyNeT HOATBEPALENO pe3y/ibTaTaMmi
MOUEJIMPOBalHs, 1IPHBENCHHbIMH HHXKE.

MOllCJIHpOHZlIlHC BBITOJIIIEHO 110 ClleUHUIBIIO pa3pa60muuomy st fannoro ciyuas aji-
FTOPHTMY. Ou ocioran Ha Metoae H306pﬂ)KCIIHﬁ, W Touliee, 11a MEeToue peluelmii 3anay
IJIEKTPOCTATHKI 110 rpaniyiHbIM YCIIOBHAM [lO] PaCCMOTpHM IIEKOTOPLIE PE3yJIbTAThl KOM-
NbIOTEPHOro MOLE/IHPOBAlIHA NERTPHUYECKHX nosieit M MOTEHUHAION ﬂpOlIOleHOIIDJIbIIOI"i Ka-
MEpPbL KOHEUIIbIX Pa3MEPOB C 02PAHUMEHHBIM HUCAOM AHOOHbIX NPpoOGONA0UCK.

O6bexToM MOJIEJIHPOBAHKA CIIYXKHNA MIIOronpoBoJIOUiias 1ipOItOpLHONILIIAS KaMepa,
obpa3zosannas H3 npososiouek amamerpom 20 MkM. Paccrosiime [ Mexay [1J10CKOCTbIO
CHIHANBHBIX [IPOBOJIOUEK H KATOUOM COCTamIAN0 8 MM, a PACCTOSHHE MEXILY 1IPOBOJIOYKAMH
(war namortkn) s Obuio pasuo 2 MM, PaGouas 1wowans Kamepsl u3 83 nposonoyek
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Puc.1. PasnocTh noteHuanos U nposonoyka—Karol B 3aBUCHMOCTH OT
nojioXeHHa NpoBoaoYKH. JIHHEHHbIE TOTHOCTH 3apiaoB BCEX TPOBONO-
yeK ofnHaKossl. JluaMerph! BCcex TpoBOMOYeK OAMHAKOBLI i paBHBl 20 MKM,
X =0 cooTBeTCTBYET LEHTPY KaMephl
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Puc.2. Bennysna 3apsana O Ha npoBonoyke B 3aBHCHMOCTH OT ce nono-
xeHusa. Pa3iocTh MOTeHUHANOoB NpoBOIOYKAa — Karod OAHHAKoBa s
Bcex npososioyex. [namerpsl Beex 83 nposonoyex ofHHAKOBEI

=160 X 160 mm. Benuumubl 5 1 [ Buibpanst TaK, 4to6bt Gbila BOIMOXHOCTb CPABHHTb Xapak-

TEPHCTHKH 3TOIl KAMEPhl C XAPAKTEPHCTHKAMH Kamep, He OrpaHMuYenHHX NS CBOHM pasMe-
pam [6,11].
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CmonenupyeM camblil NpPOCTOil ciydail, KOraa 3apadel ecex npogoaoHex COUHAKOGHI.
OnpengennM pasHOCTb NMOTEHUHAIOB NPOMEXYTKa KaTOAHAs NJIOCKOCTb — CHIHAIbHAA NpO-
BONOYKA /i Kax[oil NpOBONOMKH Kamepbl. Pesynbrar pacucta npeacrasinesd Ha puc.l.
CucreMa KoopAHHAT BbliOpana cneaywiuM ofpasom: ocs OX NEXKHT B INIOCKOCTH NPOBOSIO-
yeK W neprieHaAHKYIspHa UM, KoopanhaTa X = 0 coOTBETCTBYET UEHTDPY KaMephl, Hepe3 KoTo-
pblil IPOXOANHT LEHTpanbliasd NpoBosiouka. Bunno, uto yem 6nuxke K onHOMY 13 KpaeR Kame-
DB, TeM MeHbllle OTHOCHTENbHAs Pa3HOCTh NOTEHLMANOB NPOMEXYTKa NPOBONOYKA — KaToA.
Ilns kpaiiuux nposonoyex oHa pe3ko nanaet, noxons 1o 70% oT 3naueHus B LEHTPANBLIDIL
obnactu kamepnot. C (u3uueckoil TOUKM 3pelns HITEpnpeTaulHs NOAYyYeHIIOI0 pe3ynbTaTa
ROBOMBHO nipocTa. BcnomMHuM coOTHOLIEHHE MEXAY 3apsaoM Ha MPOBOOHHKE ¢, €ro
noresuHanoM V u anextpoemkoctblo C: g =CYV. 13 atoro coortowenus cnenyer, 4to npu
paBeHCTBE 3apsAo0B NpoBONOYEK Mexay co0oil ymeliblueiie NoTeHUHAIOB KPaiillHX MpoBo-
NOYEK CBA3AHO TONMLKO C YGennudueHueM emxocmu Kpailllix npoBosiouek. Ysenuuenne
EMKOCTH KpaiilliX NpoBOnoYeK NPHBOUMT K POCTY HX 3apafa, K YCUIEHUIO /EKTPHUECKOro
niosis B OKPECTHOCTH 3THX MPOBOJIOYEK, OTCIOAA BO3MOXIIbIE HEXeNaTelbHble NOCIEACTRUS
ycunenus nosns. OrpaniHuenus auanazona pabounx nanpsxenuii na Kamepe jis yMellb-
el ponK KpaeBblX 3(IEKTOB 3KBUBANEHTHO cOKpauwellliw obnacti nnato no narnps-
KEHUIO,

3nauenHs eMKOCTEl MPOBONOYEK MOXHO HaiiTH, BBIMIOJHNB BBIHCICHHS BEMHUMIL 3aps-
ROB Kaxnoil npoBONOYKH Tak, yTobs! padnocts notenunanos U(i) mexay noboii i-ii nposo-
/IoUKOii M KaToOAlOH NAoCcKOCTb0 Obla NMOCTOSANHA, YTO H COOTBETCTBYET HOPMAIBIIOMY
paGoueMmy pexuMy Kamepsl. PedynbraThl BbUMCAEHHIT BENMYHMH 3apsAoB TPH TOYHOCTH
suiyncnennit U(i) = 1,0 £ 0,000002 npeactarnens Ha pHc.2.

H3 puc.2 cnenyer, uro naubonbluee yBeAHYEHHE 3aPAfOB NPOMCXOAHT Ha uYeTblpex
Kpaitinx nposonoukax, C yBenuueHneM 3apsfoB cBa3ali pocT KoadibuunenTa raszosBoro
yowtenus M. Kosgpuument rasosoro ycuneuuss M cnepylomm obpa3oM 3aBHCHT OT
BEMYKHB NHNEHHOH ITOTHOCTH 3apsina G nposonouku M=K Xexpo [11]. 3To cooTio-
WeHHe MO3BOJSET OLEHHTL H3MeHeHue KoadHUHenTa ra30Boro YCHICHHS NPOBOJIOUEK NO
OTHOWEHHIO K UenTpaIbHbIM. M3Mmenenne ang AByX Kpailnix 1poBOJIOUEK COCTABJIAET
npumepiio 80 u 30% cooTBeTCTBENHNO.

2. Ponb Kpaitnux 1poBoJiovueKk yBeAHueHNOro HHaMETpa

Ha upakTHke 3KcliepHMenTa lia Kpasx MpONOPUHONAIBILIX KAMEp Ul yMellbiierus
ponu kpaenhix achcheKTOB IIPHMEHSIOTCS NpoBosIoukH Qonbutero nuamerpa. [lokaxeM Ha
KOHKPETIIOM [IpHMepe, YTO POHCXOLUT NPH yBeNHUEHI AHAMCTPOB KPAiilliX ueTblpex npo-
sonoyek. B taGnnue npencragnens! 3uauenis AHAMETPOB 3THX NPOBOJIOUEK OT Kpad K uell-
TPy KaMepbl B MKM H OTHOCHTENBIIBIE BeJIHYHHLI 3apsnoB Ha nux (Kamepa 2). 3nas
3aBHCHMOCTb 1108 E 1ia MOBEPXHOCTH TIPOBONOYKH OT ee paunyca r, E~G/r, rie ¢ —
NHneinasg IoTHOCTb 3apsaa NPOBONOUKH, HETPYANHO YBeAHTbCS, YTO BeiMUiHA 9NeKTpHUec-
KOro nojisi ha NOBEPXIIOCTH YETbIPEX KPaHHHX NPOBOAOUEK Meliblie, YEM Ha OCTaNbHbIX. 3TO
oTpaxeno B nocnenueii crpoke Tabnuusl. Kak Bumno W3 TaGnuusl, lanpaxkeHHOCTH
3NEKTPHYECKOrO 10 Ha 3THX NPOBOAOUKAX TEKOBA, UTO MCKJIIOMAET BO3MOXKIOCTH NOHB-
JIeHUs IYMOBBIX HMIIYLCOB W 11poGoes.
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Tabnnua
N Kamepa 1 Kamepa 2
npoB.
1 2 3 4 HenTp 1 2 3 4 HEHTP
Ouam. | 20 20 20 20 20 50 40 30 25 20
3apan | 1.57 | 1.24 | 1.12 | 1.06 1.0 1.79 | 132 | 114 | 1.06 1.0
Mone | 1.57 | 1.24 | 112 | 1.06 1.0 070 | 0.66 | 0.76 | 0.85 1.0
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Puc.3. Bennuuua 3apuna Ha NPoBOJIOHKE B 3aBHCHMOCTH OT ¢€ NONOXCHHA IS
Kamepel 43 83 nposonouek. JiaMeTpsl Becex Npososiouek pastbl 20 MKM 3a HCKII0-
ueHHeM 4-X Kpainnx, pasHex 25, 30, 40 u 50 MM

Pacnpenenenne 3apsaioB ans 3T0r0 cllyyas MeXiy NpoBOJIOYKAMH NOKa3aHO Ha pHc.3.

B rabnune ans cpasneHus npHBeNeHbl NAHHBIE 171 KaMephl C MPOBONOYKAMH ONHHAKO-
BhIX AHaMeTpOB (KaMepa 1). DrexTpuuecKoe Mone Ha MOBEPXHOCTH 2-X KpaiiHHX MpOBOJIO-
UK ITOH Kamepbl B 1BAa pasa Gonplue MONA Ha MOBEPXHOCTH NPOBOJIOYEK YBENHYEHHOTO
nuamertpa (kamepa 2).

Ananus pesy/bTaToB BbUMCHEUHil, KOTOPbE NpeAcTasneiisl Ha puc.2 U 3, no3BONSET
chenats Cliefylollee NpeanonoxXenne: yMENbUIEHHE AU yBenuuenne obliero yucna nposo-
JIOUEK MpH COXpaHEHHH BCEX reOMETPHUYECKHMX XAPAKTEPCTHK KaMephbl He MPHUBEHET K 3aMeT-
1OMY H3MEHEHHIO OTHOCHTENbHBIX BEJIMYHH 3aPAN0B KpaiiHUX MPOBOJIOYEK.
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Pic.4. Bennunna 3apsaa Ha POBONIOYKE B 3aBHCHMOCTH OT €C 11010 CeHHS
ans kamepb! 13 33 nposonouck. JuaMeTphl Beex npoBonoueK pasibl 20 MKM
3a McKAYcHHEM 4-X KpaitHux, pasHbix 25, 30, 40 1 50 Mmxat

IMokaxem ciipaBetuBoCTs 3TOr0 npeanonoxetins. Ha puc.4 nano pacnpenenenue 3aps-
0B ana KaMepb! u3 33 nposonouek. Kpaitnue nposonoukn xamep u3 33 u 83 nposonouek
HOEHTHYHBI, 3 BESIHUHHAE 5 H | ogHHaKoBal g obenx kamep. Cpaslieliie pe3ynbTaToB pac-
yeToB s kaMep M3 83 W 33 npoBOsIOUEK MOKA3bIBAET, UTO PasHHUA B BENMUMHAX 32pALO0B

KpaiHHX npoBONOYEK He npesbimaeT (3 +4) X 1078, Do TPOHCXOAUT HECMOTPS HA yMEHb-
lIenye Yucsa npososnoyek B 2,5 pa3a. Tem cambiM NOLTBEPXKAAETCA MPEANONOKEHHE O TOM,
4TO W3MEHeHHe BETHUYHH 3apAJOB KpaHHHX NMpPOBOMOYEK CBA3AHO TONBKO C yBenHueHHeM HX
€MKOCTH, HO He C YHCJIOM NpoBoMoYek KaMepnl. TakuM o6pazom, Kpaesbie adhhextnl 06s3a-
Hbl TONBKO 4—5 KpailiuM NpoBOJIOUKAM, T.e. kpaessie 3hdermst ozpanuuentt obracmsio
~10 MM BOOAL KpaiiHHX NPOBONOYEK.

3. UaMenenne Ko HrypauHy aMEKTPHUYECKOTO MO Ha Kpasx KaMmepsb!

Ecnun guameTpb! IpoBOJIOYEK ONHHAKOBLI, TO YBEJIHUEHHE EMKOCTH NPOBONOUEK K KpasM
KaMepbl MPOMCXOAHT TOJLKO 32 CYET IMUIOWANK KaToaa, KOTOpYIO 3aHHMAIOT 3apsi,
HHAYUHpYeMble 3apsAiaMH COOTBETCTBYOEH npoBonoukHd. Benuunna atoii nnouanu Gynert
YBEJTMUHBATHCS K KpasiM Kamepol. CriencTsHeM aToro iBHTCA H3MeHeHHe qlopMbl aneMenTap-
HOI SuelKH KaMephbl. DTO CNpPaBeVIHBO W B C/Iy4ae HCNOJbIOBAHHA MpoBONOUYeK Gonbllero
auametpa. Ho npu sToM ROMONHHTENbHOE YBEAHYEHHE EMKOCTH CBR3aHO C H3MeHEeHHeM
auamerpa nposonodek. B uenTtpanbhoit obnactu kamepnl fyeiika B ceuenun sBISETCH fps-
MOYrO/IbIHKOM pa3MepoM § X 21. YTO npoucXoanT Ha Kpasx Kamephl, MoKa3ano Ha puc.5. Ha
Hem u3oOpaxeno MeoHannoe cedeHine Kamepsl B paiione 8 KpadHux nposonouek (nposo-



Wagpanos M.Zl. Kpaesuie sgppexmbt

27

750 ESRE PR R ’

/ E

500 [{f l/ /./ ; ‘

T 2

EEEECEE
:_2;: F \\k i\ \\

.750 Yi, \.\ \n\ S ,‘
6750 7000 7250 7500 7750 8000 8250

Puc.5. KonthHrypauis a1eMEHTapHBIX suceK KaMepsl H3 83 npoBosoyeKk B MEOHAaHHOM
CeucHHI HA OHOM H3 ee KpaeB B paiione ¥ XpaitHix nposonouexk. Biaro uimeHeHHe
thopMBl NPAMOYTONBILIX AYCEK Kamepsl. CrnOMHBIMH KPHBBIMK NMOKA3aHbl TPAHKLBL
MEXNY AuciiKami NS Kamepbl, Y KoTopoit aHameTpnl 4-X KpailHUX NpoBoloyek
yBenuycHbl, TTyHKTHPHLIC KPHBBIC — IPaHuilbl Sueek KaMeps! C NPOBOSIOYKAaMH pdB-
HbiX onamerpos, ITo kaxnoit 13 oceft X u'Y 100 nenennii cooTBeTcTBYIOT 1 MM,
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Pisc.6. JIunns 31eKTPHYECKOrO NOAA B MEAHAHHOIT MIOCKOCTH, HayMHaowasca Ha 4-if oT Kpas npo-
pojlouke. JIHHHA BPOXOMHT 4cpe3 TOYKY, pacnosloXeHHylo nocpenHne Mexay 4-if  3-it kpaitHumu
npoBONOMKaMi o oclt X 1 CMCLUeHHyI0 Ha | MKM no ocH Y. a — ee HauaibHblil yyacTok, 6 — Bcs
JIHHHA 10N OT IPOBOMICYKH A0 KaTOMHOIY TUIOCKOCTH.

nouky 76 + 83). CrinownbiMH KpHBbLIME 0603HaUeHb! IPAHHLLGI DJIEMEHTAPHBIX SYE€eK KaMe-
phl, y KOTOpOIi AMamMeTp vYeThipex KpaiiHux nposonouexk ysenuyen (tabn.l). Mpanuun sueek
KaMepbl C IPOBOJIOYKAMH OJMIAKOBOr0 JHAMETPA NOKa3albl WTPUXNYHKTHPOM. M3 pHcyHKa
BHIHO, KaK JlechopMHpycTCst NPSAMOYroNibias aneMenTapHas siueiika k Kpato kamepst. Ee ¢op-
xapaktep. Ha kpasx Kamepel sAueiika orpaHHuHBaeTcs
KPHBOSHHEITHBIMI TIOBEPXHOCTAMIL.

Ma npuoberaeT Cnoxublii
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Puc.7. Kaprta cunosuix futini 10518 B meastansoil miockocr,
HaYHHAIOWHXCY 133 BTOPOH 1IPOBOJIOYKE OT Kpas KaMephl. Bee
nHe 1ehopMHPOBANL H OTKJIOHEHL B HANPAWICHHH Kpas
KaMCph!

Wlappanos M J1. Kpaesvie apexmu

Meuserca B 2101 0bnacti u
caMa KoH(HIypauus anekTpHuec-
Koro nons. Ha puc.6 nokasasa
opHa N3 NHHHIE 3neKTpHUECKOro
nona BOnM3N Kpas kamepsl. Ha
puc.6a nokazan ee  HauWIbHBL
yuacTok. CHcTema Koopanuat mis
aTOTO Cnyvas Boibpana ciefyIomHmM
obpasom: KoopuuHaret X=0, Y=0
COOTBETCTBYIOT UEHTPY Kameph,
yepes KOTOpbIfi NPOXOUUT UCHT-
pansias  nposonouka, Ocy OX
JEXHT B IUVIOCKOCTH [1POBOJIOYEK,
ock OY uanparneua sponp HOpMa-
JI K [UIOCKOCTI npoRonouek. Lle-
1A ONHOTO HEJICHMS LKA 110 OCHM
pasua 10 Mxm (100 nenennii wka-
bl coorseTcTRyiOT 1 MMm). Takmm
ofpasos, Koopmitata  (7600,0)
COOTBETCTBYET ueHtTpy 4-ii Kpaii-
neit npososiouxit. CuioBast Juns
HPOXOAHT yepes TOuRy, paclono-
xeryio #a ocit OX Touno nocpe-
anne Mexuy 4-it n 5-it kpaiinumu
(IPOBOJIOUKAMH, 110  CMELIEHTyIo
sgonb ocH OY Tonbko Ha | MKM,

B otcyrcrsne kpaesoro agh-
(ekTa cluloBas JINig HPOXOMIUIA
Ont B aanbiieiiteM 1apaiienslo
ocnt OY upu snauetn X = 7700, a
HEe TaK, Kak 3ITO 1IOKA3aHO 1
puc.66. Ha puc.66 ara nuuns no-
na uzobpakena  HOAHOCTBIO  OT
npososioukit po karoma. Ee cme-
menie  11a  Karole CocTaBiseT
1,52 mu. Ha pue.7 upencrasseia
Kapra  CHAOBBIX sl o,
naunnawomxes na 82-if uposo-
nouke. Bee smnun nons emewerin
K Kpaw KaMmephl.

Kougurypauis aneKtpiueckoro nos ajementaptoii paGoucii sueiiki Kamepnt onpene-
JIseTcd NMHEHHBIM 3apsaoM aHOXHON NPOBOJIOYKH, NpHHUUICKAULE ITOil Aueiike, 4 TAKKE
AMNEiHBIMA 3aPy;aMI COCEAMX NpoBOsioteK. 3aBHCHMOCTb aNleKTpHUecKoro nonst £ ot pac-
CTOAHHA 10 JIMNENGTO HCTOUHKKA OlipesensieTcs coortowenueM £~ ¢ /r. [loatoMy 4ucio
JIMHEHIIBIX 3apANOB, BIOCKUIMX 3AMETIBI BKILUL B BENHUINY NONS AMEiKY, He Lpenbimaet
8 + 10 ¢ Kakuoii cTopcibt 1PoBONOUKH. DTO “acTHHIIO BHUIO Ha puc.3 n 4. B HEHOCPeIICT-
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Puc.8. M3MeHeHHe IEKTPHYECKOIo Mo:Id Mo JIHHHH, NpoXonduleil depe3
UEHTp OfIHOI M3 MPOBOMOYEK KAMEPhl BIOMb HAMpaB/eHHs, MEPreHaHKy-
NApHoTo IUIOCKOCTH IPOBO/IOYEK

BeHHOo# Gnu3ocT OT caMoi MPOBONOYKH NOJIEe onpenesercs 3apsaoM nposonodky. Ilosro-
MY pacnpefieneHue nofis M NOTEHUHANA B OKPECTHOCTH MPOBONOYKH 3KBUBAIEHTHO pacmpe-
HENeHHIO Toseii 1 noTeHUHATOB KPYMIOro HIHHIPHUYECKoro cueTynka, Ha HekoTopom pac-
CTOSHHHM OT NpPOBOJNOYKH MO HAMPaBIEHHIO K KAaToay COCTaBJIAIOLIHE 3NEKTPHUECKOro nos
BAOMIb MJIOCKOCTH npOBOJIOYEK (MPOLOJIBHBIE COCTABNAIOLIME M10/11), HMEIOLIHE [IPOTHBOIIO-
noXisle Hanpasneuds, OyoyT B3auMHO ypaBHOBeluMBaTthcs. TakuM obpa3zoM, (pakTHYecku
OCTAI0TCA TONMLKO COCTABNAIOIHE NOAS, HaTpaieHHbIE BIOAb HOPMANH K KaTomy. DTH cO-
cTapnfioune B cymme 00pasyioT MOCTOSHHOE 3/1EKTPHUECKOE NOje HayMHas fIPUMEpHO ¢ 1.
MM OT NPOBOJIOYKH 110 HanpawleHHio K xaroay (puc.8). B6nu3u Kpaes KaMephi TPOROJIbHbIE
COCTaBNIAIOLIHE TIONS YXKE HE YPABHOBEWIHBAKTCA. DTOT aucbanaHc yBelMuHBaeTcs K Kparo
KaMephl, TaK KaK ¢ OAHOI M3 CTOPOH YHCJIO M BeMHYMHA AeHCTBYIOLIUX JTUHEAHBIX 3apSAOB
OCTaeTcs Heu3MeHnoil, a ¢ Apyroif — ymenbliaercd. C pasHHLEHl B 4ucie M BEJIHYMHAX
NUHEHbIX 3apAaoB C/IEBA U CMPaBa OT MPOBOAOYKM Aueilky CBHlaHa pedhopmauHs 3fieMeH-
TapHOH saYeiikM HWa KpaAx KaMmepel. YBelHuYenHe JIMHEHHBIX IUJIOTHOCTEH MNpPOBONOYEK
YaCTHYHO KOMMEHCHPYET AHcOanaHc B 3apsnax ciesa W cripasa. Y KaMephl ¢ ONMHAKOBbIM
AHaMeTpoM KpaidHMX MPOBOJIOYEK 3apslbl Ha 3THX MPOBONOYKAX MEHbIIE 3apsia0B NPOBOO-
yex Kamephl C yBeNHYEHHBIMH AMaMeTpaMH mposonouek (rabn.l). Ilostomy nedopmauns
aMIEMENTApHbIX siueeK KaMmeph! C MPOBOMOYKAMHM ONMHAKOBBIX OHaMETpOB GygeT BblpaxeHa
cunpee. Ha puc.5 rpaudipl Mexmy sueilkamM i Takoil  XaMephl IOKa3aHhl
WTPUXNYHKTHPHBIMH KPHBBLIMH. Takum o6pa3oM, yBenHueHue AMaMeTpOB KpailHHX MpPOBOJIO-
YeK KaMephl BLMONHAET ABOAKYI0 pOJib. YBENHYEHHE OMAMETPOB MPOBOJIOYEK YMEHBLIAET
MEKTPHUYECKOe Mojie HA WX MOBEPXHOCTH. Benwuuna nong Ha HUX He mpeBHIUAET [MONS
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OCTalbHBIX MpOBONOYEK (Tabn.l), HeCMOTpa Ha yBenHuenie AHHEIHOro 3apsaa ITHX NPoBo-
JIOYEK B CPABHEHHH C NMHEHHBIM 3aPUOM HA [TPOBOMOYKAX KaMepbi C HASHTHUHLIMI POBO-
NoyYKaMH., YBelHueHHe NHHEHOro 3apsga NpoBosoyek Oonmbluero guameTpa NPHBOAHT K
yMeHbIUueHH 0 fechopMauni KpailHHX 3/1EMEHTapHbBIX SueeK KaMmepsl.

4. Kpaesbie addekTh y KOHLOB MPOBONOUEK

Bo mcex pacuerax 3anoxeHO MpeEAnosoXexHe 0 TOM, 4TO JUIETHAK IOTHOCTb 3apsla
B/10/Ib 1IPOBOJIOYK K NOCTOSAHKA. [IpHBENEHHbIE BbIUE PE3YNBTATH ABAAIOTCH yKalalHeM Ha To,
YTO 3aMETHOE M3MEHEHHe JHHEHOf MIoTHOCTH 3apsaaoB OyAeT MPOMCXOAHTH TOALKO Ha
KOHUAX MpoBosoueK, Ha anune ue Gonee 10+ 15 mM. Ins Toro utoGbl nyyitie nonsTh, UTO
MPOHCXOAHT Y KOHUOB NPOBOJIOYEK, PACCMOTPHM HACAIHM3UPOBAHHENT MPOTOTHII KaMepsl C
NpOBONOYKAMH, KOTOpPhle KaK Obl BucAT Ge3 coeautenns (noanaiiki) MX KOHUOB ¢ cHCTe-
MaMmu cheMa curnana. Junna npososiovex paBHa PacCTOAHHIO MEKIy 1epsoil W nocheieii
fpososioukamH. JIHHelinas [IOTHOCTL 3apslla 1IOCTOSHIA BROJNL MPOBOAOUEK. HAMETPhI
BCEX NPOBOsIOMEK OAHIIAKOBbI. Pe3ynbTarh pacyera noTenuHana BAO/b USHITPAILIOI NPOBO-
JloukH npuseselisl Ha puc.9, onu obosuadenst Toukamu. Crnowmnoii xpusoii nwokazaia
3aBHCHMOCTb NOTEHLIHANA OT NPOBONOYKH K MPOBOJOYKE, KAK M HA puc.l, sinueiinas wior-
HOCTb 3apsaga MpOBONOYEK oaHHaKosa. [lo 3akonaM 3NEKTPOCTATHKH TaKoro comaciiy
pesynbtatos W cilenosawio oxupate. Ha puc.10 npuseneno nopobuoe pacupeneneiiie
notenunana BAOAbL AHaroHaid Kamepbl. Pacuer Bminiosnen npH ycloBHM, uTto mheiinax
NAOTHOCTD 3apsfa pacrpenenelia Mexiy npoBosoOYKaMH B COOTBETCTBHH C paciipenelieliiiem
3apsja, NoxasaiibiM Ha pHc.2. HekoTopoe npessiiuenie nan toil ke Xpusoii, 4To 1 lia
pHC.9, cBk3ano ¢ ysesuuenneM AuHeiHoll NNOTHOCTH 3apslOB 112 KpaiiiuX 1POBOAOUKAX
(cM. puc.2).
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Puc.9. Paznocts notenusanos U npososouka — KaToll BIOJL LCHTPIbIIo
1POBO/OYUKH Kamepbl. JTHueiinas n10THOCTS 3apsia BAOL BCCHT NPOBONOUKI
OLHHAKOBA, THHCIHHAY II0THOCTh 3apsia HA BCCX [TPOBOJIOUMKAX OLHHAKORA.
X =0 cOOTBETCTRYET LCHTPY KaMCPLI

\
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Puc.10. Pasnocts notenunanos U npoponoyka — KaTod BIOMb OHAFOHATH
Kameps!. JIHHeiiHas MOTHOCTD 3apsaa BOO/L KaxAoil MPoBONOYKH NOCTORHHA,
nuHeiinas wioTHoCTL 3apana NpH nepexofe oT MPOBOMOYKH K NpOBONOYKE
COOTBCTCTBYET pHC.2

Puc. 1. Jluneiisas nnorHocTb 3apsga Q BA0L MPOBOIOYKH H OT MPOBONOUYKH
K MPOBOJIOYKE B OHOM M3 KBAaApantoB Kamepbl. PasHocTh moTenuHanos npo-
BOJIOYKA — KAaTOM U1 BCEX MpPOBOJIOYEK KaMmephbl ORHHAKOBA

31
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Bce nonyuennsie aanuble N03BoAKIOT clefaTh 3aK/ll0ueHHe O TOM, 4TO NHHeliHas mnoT-
HOCTDb 3apsa BAOJb NMPOBOJIOYEK paclpeleslela alanorHuHo paclpeaesieHHio IUI0THOCTI OT
NPOBOJIOYKH X MPOBOJIOYKE B COOTBETCTBHM ¢ puc.2. [Ipn aToMm 3aMeTHOe H3MeHeliHe, KaKk H
npeanonaranock patiee, NPHXOIUTCS HA KOHLUEBbIE yHacTKH npososiovek pasmepom [0+ 15 MM.
UneanusnpopanHoe pacnpenenetie 3apsioB No NPOBOAOYKAM H BIOJMb HHX B OQHOM M3
KBalpaHTOB Kamephsl nokasano na puc.11. Ha nem saosis ocu X oBosnauens 1omepa lever-
HbIX MPOBOMOYEK, HAUMIIAA C LEHTPATBHOM, MO0 ocH Y — HOMEPA TOYeEK, BIAThIX ueped 4 MM
BOOJIb NPOBOJIOUKH. BenuuiHtel 3apsaos (ocs Z) npHBeaciisl B OTHOCHTeNbILIX eantiuax. U3
PHCYHKA CJleflyeT, UTO MPH YBEAHUEHHH HanpsxeHnii 11anbosbias BEPOATIIOCTD HOSBAEHHS
pa3paaoB Ha Kamepe NPHXOAHTCA Ha yriibl Kamepbl. B obsacth ymos nabmonaetcs oGuee
yBeqMueline JIMHEHHOI [UTOTHOCTH 3apsia Ha KpaHiHX NPOBOJIOUKAX, a TaKke ee
yBenueHHe K KOHIIAM MPOBONOYEK, eciu B MNOCJAEAHEM Chyyae He yuMThIBaTh BIIMsHHE
IH3NEKTPUYECKOH PaMKH.

B npakTHke aKcnepuMeHTa B KadecTBe MyuxkoBbix Hcnosbdylorcs MIITK ¢ nposoaou-
kami auametpa 10 MKM, 11aroM HaMOTKH, paBHBIM | MM. BbUlH Bhinoniiensl pacuerht juUid
TaKOH xaMepbl C MEXKKaTONHbLIM paccTosudeM, pasieiM 4 MMm. Kak Buuno, sce reo-
MeTpHYECKHe pa3Mepbl KaMephl MUl 3TOro ciayyas yMEHbLIEHB B 2 pa3a Mo CpaslENHIO C
pasMepoM KaMepbl, paccMoTpenHoil panee. Ha ocuosatimd npuuunna nopobus npn
petueHHH 3a1a4 INEKTPOCTATHKH MOXKHO OXMIAThL COBNANEHHSA PE3YIbTATOB pactuera 8 060HX
clyyasix He TC/bKO KAUECTBEHNO, 1O M KojudecTBeHllo. JIEHCTBHTENBIIO, KONHUCCTBENIIbIE

pe3yNbTaThl COBMNANAOT C TOYHOCTBIO Bhillle yeMm | X 1075,

Crenenp BIHAHMA AHIEXTPUUECKNX PAMOK 11a BE/IHUHIY H KONIHIYPAUHIO dJIEKTPIItE-
CKOI0O M0si MO MEPHUMETPY KaMepbl 3aBUCHT OT KOHCTPYKTHBIBIX ocoGelliocTeil KaMepbl.
BMmecTe ¢ Tem 3Ta 3aBHCHMOCTD B NPHHUKIE HOCHT paxinylibii XapakTep, 11a Kpasx KaMmepsl
BILO/Ib NPOBOJIOYEK, C OAHOGI1 CTOPOHbI, M BAOJIb KOHLUEBHIX YUAaCTKOB CHITIAIBIILIX IPOBOJIO-
yeKk — c gpyroil. B nepeoM ciywae gusnexTpiueckas pamka B TOifl WiIH HHOjl cTelelH
ycwinBaeT kpacsoil atihekT, paccMoTpeHnlil Boilwe. Bo BTOpoM ciyuae, nao6opor, ocnab-
aset ero. [Toscium 310 pastnuie na npumepe. Ha pic.12a nokasano nonepeutioe ceuciic
KaMmephi B paiiolie OHIJIEKTPHYECKOH paMKH, Haxosuleiics MEeXIy LBYMS KaTOMIIBIMH I1U/10-
CKOCTSIMM H Dapajule/ibHoil CHIHAIBHEIM NpOBOJIOUKaM. Kpaitlisst cHriisiag 1poBosiouka
W 3apsxena MOJIOXKHTENBIBIM 3apPSA0M c JHneiinoil mwioTnocTeio G. Mo feficTHeM 3apsoB
TIPOBOJIOYKH TIPHCXOUHT OJIMPH3auHs anssekTpika. Ha ero nosepxunocr, oGpaweniioii K

a) ———-4 0) _____ - g
. + + F F +++
o+g q: € to ol * €
- o+
+++ 4 q + 4+ +

Puc.12  Cxema nponopusonanshoii Kameps! 8630 AHICKTPHYCCKOI PAMKY €, O — aHuciiHag
MIOTHGCTh 33psila NPOBONOYKH, g — TOBEPXHOCTHAN [UIOTHOCTL 3APAICR Kavona, g’ — [oBepX:o-
CTHAA INOTHOCTH 3aPHIOB PAMKH 32 CUCT M0AAPH3IALNH AHIICKTPHKA. Cedenne KaMephl 1N0CKO-
CTbIO, NCPICHANKYNSPHOIl INIOCKOCTH nposonoyek (a), w — uposojiouka. Cedenuc KaMeph
BRONb NPoBONOUKH (6), O' ~— nHHCIINAY WIOTHOCTS 3aPANA NPOBOJOUKH Y ¢C KOHUA
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Pic.13. Cxema nporoThna BPEMANPOCKUHOHHOI Kame-
pu. Cg — cerounas noscpxHocth kartoma, Cp —
NoBepXHOCTh KaTtoua 13 Meauoit gonwry, SFw — nno-
CKOCTb CHIHAILHLIX H MOJICBLIX MPOBOJIOYCK ACTEKTO-
pa, A u B — 3awnrHelii npoBonouHblil aneKTpon.
LTpuxoBKoii 110KasaHpl AH3NCKTPHYECKHE PAMKi

NPOBOJIOUYKE, NMOABATCA OTPHUATENbULIC 3apsilibl
g’ nunoseii, o6pa3osaliBIX H3-3a NOASPH3aALHH,
Harrpasneuue pesy/JIsTHPYIOLIENO 110/ ITHX 3a-
PALOB B TOUKAX MExJY NPOBOIOUKOii M pamkoii (anpiMep, B Touke B) Gyaer cosnanarhb ¢
HanpawienHeM noss 3apAa 11poeonoykH. C yBennuenneM paccTosHis MexIy NpOBoJIOYKOl
W H paMKOii BAMAHHE NOJIAPH3ALHH AHINIEKTPHKA YMEeHbUIAETCS.

Coscem apyras xaptuna uabmiofaercs y Konuos npososniouku. Ha puc.126 nokasauo
cedelHe Kamepsl BROJIb OmIOH H3 nposonosek. OrTpHuaTe/nbHble 3apadbl KaToAHOI nio-
CKOCTH ¢ HHAYLHPYIOT 3apsibl M0J0AHTENBHOIO 3HaKa C JIMHEHHOI MJI0THOCTBIO G BHOJIL
1IIPOBOJIOYKH 32 HCKJIIOYEHHEM €€ Kolios. B3 korua npososouky 4acTh 3apanoB Karo-
Ha, KOTOpbIE HHllyquOBZUIH Oul 3apsabl Ha NpOBOJIOUKE B OTCYTCTBHE NU3NICKTPHKA, cCO3paloT
HOMAPH3ALLIIO 1HIJIEKTPHKA H CBA3LIBAIOTCS 110M0XHTENbIBIMU 3apaaMi ¢’ Ha MOBEPXHOCTH
pamki. [loaromy sinmeiinas MiIOTHOCTh 3apifoB G’ K KOHLY MpPOBOJIOYKH YMEHbLIAETCH:
0’ < 0. D10 Bener K ocnabnelnio KpaeBuX 3thheKTOB, CBA3AHHBIX C YBEAHUEHHEM NHHEHO
€MKOCTII MPOBOJIOYEK Ha €€ KoHuax.

HacxonsKo cyluecTBelno siisiiiie KOICTPYKTHBHOrO pelleHHs Ha XapakTep 31eKTpuye-
CKOro nons, MoxIlo CYAHTb MO dKcnepuMmenTanshbiM pesynbraraM [12]. DTH pesynsratsl
HOJIYHEl bl 1IpH HCCHENOBANIAX AMIUIMTYNHOIO pacnpeiesielius CHIHoB BIOJb CHIHANILHOMN
IPOBOJIOUKH B 1IPOTOTHIE BpeMsanpoekunonnoii kamepsl ycrawosk DELPHI [13,14].
PernctpupyioutiiM ycTPOiiCTBOM B 3TOM IPOTOTHIIE #BNETCA NPONOPUHOHAILIAA KaMepa C
TCM OTJHUIEM OT PACCMOTPEINNOI BhiLle, UTO B oanoii mnockocty SFw (puc.13) ¢ curnans-
ILIMIL HPOBOJIOUKAMY MEXUY IIHMH pa3MelleHbl nojieBble NpoBonoukH. HMx Hasnavenue —
thopmitpoBaiiie neoGXOMIMOIT KOHMITYpaunu H Besiuiibl 31eKTpHYecKoro nons. Ooii-u3
KaToMbIX 1JIOCKOCTell KaMephl ciiyKiia Meanas donsra Cp, Upyroii naockocTbio clyxina
cerka Cg 13 nposonoUck, HaXomAIIXCH 11a pacctosi 1 MM. Pacctosuie MeXny Karon-
bIMIE 1D10CKOCTAM I paBlio 8 MM. Bricokoe nanpsxeune (+ 1550 B) nonasatocs Ha curuais-
1ikle npoBosouKi. KaTon M 110/1€BLIE [IPOBOJIONKH HAXOUHIHCh MOX HYJIEBBIM {IOTEHLNAJIOM.
Koppekiuist 21eKTpHUECKOrO MONsi Yy KOHUOB CHIHANBLIBIX MPOBOJIOYEK OCYLIECTBISIACH
nonaueii HanpsKeHus Ha 3alUITHRIT 3JIEKTPOL, KOTOPBIM CHIYXHAH IABE NPOBONOMKH A M B
(puc.13). HOuamerp npososouex pasen 0,8 Mm. Bes sawuTiioro ajekrtpona ymeblueliie
aMInTyast curnaia 6onee wem na 40% naunnanocs na pacctosiun 4 MM OT paMmki, Bes
HOHAUH HAIIPsKEINs 11a JJIEKTPON TAKOE YMElbLIeH e aMIUIHTYAb CHIHAIA HAYMHAIOCH lia
pacrosnun 1,5 MM OT PaMKH, 1IPIL OTpHUATENbIOM HanpsxeHun, pasioM 180 B, — Toneko
112 1IPOBOJIOYKE A M NIYJIEBOM LIOTENLHAIE 112 NpoBojiouke B — ua paccroannd 0,3 MM ot
pamkit. Tlomaua vanpsxennsi ua PEKTPOL B ue NPUBOIMAA K HANbUEHUIIM H3MEHSHUsM,
Tpu ncuonpzoBaiin 3exTpoua, 0d6pa3osalloro ToJILKO NPOBONOUKOI A, 9TH PaCCTOAHHS
ysesnumsanucs na | MM, Takim oBpasom anektpox A B Gonmsuieii cTeneny KOPPeKTHPOBAN
BEJIHYHIY H XapakTep JIEKTPHYECKOro 10N, CO3IaBaeMoroe KaTolloil CeTkoii, yeM anektpoa B.
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5. BuiBoamn

H3 pacuetos xoHdurypaunn anexTpuuecKux nonei u noreHuuanos ruanapueix MIIIK
NOAyUueHb! CeayloLye pe3ynbTaThl, a TAKXe CHENaHbl BbIBOABI.

— Bhisrnena npuusina nossneHus kpaesbix 3thtextos. Kpaesrie achpexthl BhI3bIBaIOTCS
H3MeHeHHeM JIMHeHHOM UTOTHOCTH 3apAaa KpaiHHX MPOBOMOYEK H KOHLEBBIX YYAaCTKOB BCEX
NpOBONOYEK KaMepbl 10 CPABHEHHIO C JIMHEIHOII TUIOTHOCTBI0 3apaaa NPOBO/IOYEK LEHTpanb-
Hoit obnact# Kamepbl,

— Onpepenena o6nacTh KaMepsl, B KOTOPOil KpaeBhie 3(hEKTh MIPAIOT 3aMETHYIO POJb.
Dra obnacth pactonoxeHa no nepUMeTpy KaMephl, OHa He npeskituaer no wypuue 10 + 15 Mm.
OGnactb, B KOTOpOii Kpaesbie 3heKThl HIpalor 3aMETHYIO PONb, HE 3ABHCHT OT pa3MepoB
Kamephl.

— Tloxasana ponp nNpOBONOYEK YBENMHEHHOrO AWAMETPA, HCNONb3YEMMHX B
NPOMOPUHOHANBHBIX KAMEpaxX Ha ee Kpasx. YBejHueHHe OHAMETpa IpOBONOYEK YMEHbLIaeT
3NEKTPHUYECKOE MOoJIe HA UX NMOBEPXHOCTH 10 3HAYEHHS, He TPEBBILAIOLIEro NOMA OCTANBHBIX
NpoBOJIOYEK, XOTH JIMHEHHAd TUIOTHOCTbL 3apslla KpailHHX npOBONOUEK YBENIHMUEHHOrO
nuamerpa 6onbiue JIHHEHHOR NIOTHOCTH 3apafa KpafiHHX MPOBOJIOYEK OIHHAKOBOIO AHAMET-
pa. YBesiMueHHblil 3apaa KpaiiHHX MMPOBOJIOYEK YAydliaeT KoH(purypalHio SM1eKTpHUECKOro
nosas Ha Kpasx Kamepbl.
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ON STANDARD AND NONSTANDARD APPLICATIONS
OF WAVELET ANALYSIS

M.V.Altaisky

We review the present status of wavelet analysis, the method of decomposition with respect
to representations of the affine group, which is effectively used everywhere in signal and
image processing and is receiving a lot of interest in the context of nuclear physics data
analysis. Some results of the application of the wavelet decomposition to the experiments
carried out at JINR are presented, and some new possible applications are indicated.

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

0] CTAHJAPTHBIX H HECTAHAAPTHBIX NMPHJIOKEHHAX BeiLleT-aHANH3a

M.B.Anmaiicxuii

Beiulet-ananus — mertol 06paGoTku curnanos B HIoGpaxeHHil — paccMaTpHBAaeTCs Kak
METOA pa3noKeHHil no npeacrarnenusmM adwpunoil rpynnet. [Ipecrannenst pe3ynsTaThl npHMe-
HEeHHs BeilNeT-aHanu3a X aKkcnepHMeHTanm, nposogumMbiM B OUSAHU, 1 BO3MOXKHOCTH HEKOTOpHIX
HOBBIX NPIUTOKEH Nl

PaGora Buinonncua s JlaGoparopin saepustx npoGnem OHAN.

1. Wavelets: An Intuitive Description of the Method

The principal shortcoming of common Fourier analysis is its nonlocality. Due to the
uncertainty principle, a signal cannot be localized simultaneously in frequency and time
with arbitrary precession. From the practical standpoint this nonlocality is always
undesirable. This means that we usually want (i) to keep the contribution of low and high
frequencies separately reasonable and (if) we want the decomposition of a signal to be
robust with respect to small perturbation; both are evidently not the case for the Fourier
decomposition

) =V%??I €9 fl) dix. 1

To overcome this difficulty the windowed Fourier transform [1]

Ao.v)=] e f2) W —1) d @)

- o0
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was suggested by D.Gabor in 1946 for the purposes of signal processing. Unfortunately,
there are some faults with this idea. Transform (2) is evidently poor in- resolving
wavelengths longer than the window W(x) width. Conversely, the decomposition of short,
but high frequency signals requires a broad window with a large number of.cycles. The
process of reconstruction in this case contains a large number of terms with comparable
amplitudes and hence turns out to be numerically unstable.

Conspicuously, what one needs is a scheme with a broad window for low frequency
signals and a narrow window for high frequency signals. Such a scheme, independently
developed by several authors at the beginning of 1980s (2], is called a wavelet transform.
Practically, it is a separate convolution of the signal in question with a family of functions
obtained from some basic one — basic wavelet — by shifts and dilatations:

Ty@ 0 f=] ¥, (S dx, 3

=00

where

| T—-x
v, =g (457

are usually referred to as (affine) wavelets.

2. Mathematical Background

Being a quasi-local integral transform, affine wavelet decomposition (3) has found a lot
of practical applications to signal processing. In parallel with practical development it has
found a profound and abstract theoretical background in the Lie group theory {3]. In the
present paper we start with its general properties and only then turn to applications and
implementation.

Let us consider a Hilbert space H with transitive action of a Lie group G on it. Let U
be a continuous square-integrable unitary representation of G. The vector y e H is said to
be admissible (with respect to G), if

[ 1w, Ug) w12 diy () <=
G
where dy, (g) is a left-invariant measure on G.

The key result which allows decomposition of an arbitrary vector ve H with respect
to the representation U(g), g € G, is summarized by the following theorem' [4].

Theorem 1. Let U be a square-integrable unitary representation of a separable locally
compact group G (with left Haar measure d, ) on the Hilbert space M, and let y € H be

an admissible vector. Let
C,= 1wl [ [y, Ut) w1 d (@) < @)

. G
(-} = L%norm is implied).

'Here we present the weak form of the theorem. In general, the unitarity is not strictly required.
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Then for all ve ‘H the following decomposition holds (the integrals converging weakly)

v=C;' [ &, Ue) w) U(e) v, (@). )
G

Thus, to acquire good analytical properties, we must require the window integral transform
(3) to have the form (5).

Considering a Hilbert space of square integrable functions (of one variable, for
simplicity) LZ(R) with transitive action of the affine group

G:x—>x'=ax+b, 6)

(ab) o (a',b’)=(ad, ab’ + b), )]

] o @®

we define the representation U(g) as

i X —
(Wa By VI =¥
and the left invariant measure in the form

da db

i (@, b) =
which follows from (7).

For the case of affine group (6), which is in question in the present paper, it is
convenient to evaluate the normalization constant C\P’ defined by (4) in Fourier repre-

sentalionz; the substitution

W) == [ ) do

and (8) into (4) after a straightforward calculation gives

2
_2nI l de < oo, ©)
while the tranform itself has the form:
T (@b f=C3% 3 o w( ]j(t) d, (10)
o= [[qav(5F | mya a3, an

2Here and after the representation U(g, b) Y(w) =lal W(a,w) exp (i wb) is useful to simplify calculations,
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3. Basic Properties

The pair of a direct and an inverse wavelet transform (10,11) taken together with the
admissibility condition (4) still leaves us considerable freedom in the choice of analysing
wavelet y. Practically, the admissibility condition (4) taken in the Fourier representation (9)
means the vanishing behaviour of {(w) in the neighbourhood of w=0; which can be
redundantly satisfied if y(0) =0 is implied; the latter, in turn, means

[wwyde=o. (12)

The latter equation provides the insensibility of wavelet transform to a constant shift of the
function in question

[Tw(a, b))(f + const) =[T. W(a, Hlf.

The simplest choice of analysing wavelet satisfying the condition (12) is the so-called Haar
wavelet:

I for O<x<1/2
yx)={~1 for 1/2<x<l
0 elsewhere .

The Haar wavelet, being the simplest one for numeric implementation, has got a lot of
applications, mainly in image and signal processing, which we consider later in this paper.
The next straightforward generalization of the condition (12) is the vanishing momenta
requirement

fdxx"' wx)=0, VYmO0<m<nneZ

This requirement gives rise to a family of vanishing momenta Gaussian wavelets [5]

n 2
8,(x)=(~ ])"+ ! ﬁe—w, n>0. (13)

2
In Fourier space ﬁn(w) =—(i®)" " °" has a zero of order n in ®=0.

2
In this family the first two wavelets are most popular: g (x)=-x exp[— %—] which is

antisymmetric and thus suitable for some statistical applications to be considered later, and
o

the Maar wavelet g,(x} = (I —.rz) exp[—% ]. often called the «Mexican hat».

The normalization constant Cg , which can be easily calculated in the Fourier space, for
n

the family of vanishing momenta wavelets (13) is

Cn =2n(n- 1)

n

Among the other wavelets, the difference of two Gaussians
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2 2 ]
. 0 ibe =i
\l.lb(.\f)=elbxe r/2=,(_2 e Aetbze x,

considered in the pioneering work {6] should be mentioned.
Another property of wavelet analysis provided by (8), is that a dilated wavelet has the
same energy as the original one

() =T v

Since the energy is conserved under dilatations, wavelet analysis is equally sensitive to the
contributions of low and high frequency bands. It is its great advantage, say in comparison
to Gabor expansion. The dilatation parameter a here has a plain interpretation: if y(r) is a

172 y(t/a) with a=2 is the sound obtained by replaying

sound recorded on a tape, then a
the tape at half speed.
The (global) energy conservation law also holds:

I |ﬂt)|2dt=j |T\V(a' by f|? da;ib.
a

Among other properties of the wavelet transform we should indicate its property under
scale transform:

[T, (@ b)] fik) = k"][TW(M, AL RO).

We should also mention that in numerical implementations the decomposition of a unity

ic, = v v du (@) vl U*e),
G

which follows from general formula (5), turns out to be a sum over a discrete frame
A A
A<y, lw) ;| <B1,
i

where A, B> 0 arec some positive constants. This basis, nonorthogonal and redundant in
general, ensures the stability of the wavelet transform: local perturbations of wavelet
coefficients cause only local perturbation of the image.

4. Applications to Signal Analysis and Synthesis: First View

As was mentioned in previous section, the dilatation of a wavelet with a factor a=2
corresponds to the half speed playback of a tape or to one octave down shifts. Evidently,
any musical melody remains recognizable after a global shift by an integer number of
octaves. This fact makes the wavelet transform a credible tool in acoustics, speech
processing and music.

For practical applications it is convenient tq use some particular forms of the integral
transforms (10), (11). Here we list these transformations following [6].
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1. Voice transform of f with respect to y is a wavelet transformation (10) taken on the
logarithmical scale.

Db, 0 = f—w fwe2tw -0 an a, (14)

where & =@-Jii’(—cu|2dm. The scale factor 2 is chosen for fast numerical
¥ In2 w

implementation.
The voice transform allows an elegant way to represent inverse formula (11) in the
form of an octave series

fn= J [(Z\; Nl W) + (Z‘; A, w)) du

o n+1 .
orfin= Y, frefy, where £ = [ @Ep0 0 du

2. Another useful representation, which has some advantages being not expensive in
memory space, is known as a cycle-octave representation
+ 27
Cipvw=1=[vEw-2"D 0 d.
v
Practically, instead of basic representation (10), (14) the Fourier representation is often used

(wa)(b.a)=C\;'/2|a|l/zjei“"’fy(ma)f(m)dm (15)

and
ZENB, 0 =K, [ € 2" 0) fw) o,

respectively. This provides a possibility of using FFT and FFT-like algorithms.

5. Wavelets and Fractals

The best way to study any physical problem with known symmetry is to build a
functional basis with the symmetry as close to that of the problem as possible. For this
reason a system of spherical functions is the best one to fit the problem with spherical
(SO,) symmetry, while Fourier decomposition is apt to the problems invariant under

translations.

The matter turns out to be even more conspicuous when one studies fractals — singular
(nondifferentiable) self-similar objects [7]. On the one hand, the invariance under scale
transformations (or self-similarity) is the symmetry group the WT is based on; on the other,
with no requirements of differentiability the wavelet analysis seems to be an ultimate tool
to study singular objects. In standard multifractal analysis, the properties of these singular
objects are considered in terms of a (singular) measure p, singularity spectrum of this
measure flo) and the power behaviour of a partition function
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(x)

o
20, q)= 3 (! - 1" iz -1
i
where the sum is taken over all disjoint intervals of size /, containing the points of the

considered fractal set; (“I)i is the measure of the i-th interval. The power behaviour of the

partition function is characterized by some function t(g) related to flc) and expressed via
fractal dimension -
p =24
9 g-1

For a globally self-similar object (monofractal) Dq=D0 does not depend on ¢
a=ﬂa)=Dq=D0,Vq.

X
To perform wavelet decomposition of a singular measure (x) =Idu it is convenient to

0
use the vanishing moment wavelet family (13).

The measure L1(x) can be represented via its wavelet transform

N_ =172 dadb 1 x—b T (0. b

K =C; { e e,

An arbitrary function g(x), cannot be used as a basic wavelet — it is required to satisfy the

admissibility condition (4). This restriction, however, is rather loose, and allows one to

choose a wavelet within a large variety of admissible functions, say from the family (13).

This redundancy is undoubtedly of great benefit for the analysis of fractal structure. It

provides us with a powerful mathematical microscope with magnification a’l
dispensable optics labelled by n.

To illustrate this, we can consider the «devil’s staircase» — a singular measure of the

triadic Cantor set shown in Fig.1. The maxima of its wavelet transform Tg(a, X) 1, shown in

and

Fig.2, exactly resemble the structure of the original set.

Besides the graphic facilities, a number of useful theorems provide a basis for
analytical studies of fractal objects via wavelets. Roughly speaking, the analytical treatment
is based on the fact that the collection of all wavelet transform maxima contains complete
information on the measure in question.

Some useful results are listed below:

»  Theorem 2 (Holshneider, [8]). Let L be a bounded locally integrable function such
that’

B ~ G =0 x-x 1N, ke (0, 1]
then
T (a, %) = 0(a"* %) (16)

inside the cone |x-x0| < const.
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Fig.l. «Devil's staircase» — a singular measure of the triadic Cantor set
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Fig.2. Wavelet cocfticients for a «devil's staircase» taken with g,-wavelet
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» The partition function can be constructed directly on the set of wavelet
coefficients:

Z(a,q) = ) T (a0

over all maxima: {x, (a)}

The power behaviour of the measure can be derived from this equation like free energy in

thermodynamics t(g) = lim InZ(a. 9) .
a-0 Ina

6. Wavelets in Biology

The analysis of DNA sequences is one of the principal branches of modern cellular
biology. It was shown in a number of recent studies that the distribution of nucleotides A,
T, C, G in a real DNA chain is a fractal one. Thus, the fractal and multifractal tools can be
applied. Wavelet analysis is an indispensible tool in this relation.

In general, the occurrence of a certain nucleotide in a certain position of the DNA
chain, labeled by a length parameter /, can be described as a random process X(/, - ).. Thus,
for the case of the above-mentioned 4-letter alphabet, we deal with a probability space
(Q, U, P), with Q={A, T, C, G} and a family of four random processes

Xz ={X(Lw)leR ve Q},

such that

(1l if o=z
Xl w)= { 0  otherwise.

Instead of calculating correlations, as was done in [9], we proceed with the integral
measures

1) = X (0, ) dP(@) di = [ dy_, a7
0 0

which count the total number of each of the nucleotides z =4, T, C, G up to the I-th position
in the chain.

Since the measures in question (17) are supposed to be generally nondifferentiable, we
first have to :study their scaling behavior p(x) —p.(xo) = |x-—xolh.

The extraction of the Lipschitz—Holder exponent k& from the experimentally obtained
measure is a typical problem in physics of fractals, in DNA study this was performed in the
same way, using the scaling theorem [8] for the function W(!) (see eq.16). The details of the
method can be found in [10]; hereafter we present the main results obtained in [10] with
the help of the g,-wavelet.

For the DNA sequence of Chinese Hamster cells [11] with the length of 11838
nucleotides the middle-data section of wavelet coefficients gives the scaling exponents k.
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Figs.3—6. The dependence of (binary logarithms of) g,-wavelet coefficients for the measure
functions taken at the middle of the data for the adenine, thymine, cytosine and guanine,

respectively. The values of the Lipschitz-Holder exponents presented in the pictures were obtained
with the best line approximation
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The logarithmic plots log2|Tg(a, x)| for the measures Hp Hyo By B, are presented in
Figs.3—6. The plots were obtained at the middle of the range, xm=4096; however the

behaviour of the sections at other points is not seriously different. The corresponding
Lipschitz-Hélder exponents are presented in the table.
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h A hT h c h G

0.60 0.43 0.60 0.53.

These coefficients are conspicuously close to the hp= 1 /2 of the Brownian motion, the
. where z=A, T, C, G, which has
the magnitude of several per cent, cannot be regarded as vanishing. This difference can be
caused by branching processes which can be clearly seen in the density plots of wavelet
coefficients, at scale approximately equal to 27 or 28, see Figs.7—10.

Thus, we conclude that the scaling in DNA chains does really exist. This scaling is of
multifractal nature (see, e.g., [11]) rather than global one.

As an auxiliary result, we can mention that the color-density representation of wavelet
coefficients which proved to be a powerful tool for the analysis of general fractals seems
to be of great use for identifying branching processes in nucleotide chains as a computer
graphic tool.

purely random process. However, the difference h_—h

7. Wavelets in Nuclear Physics

Up to now the most common applications of WT belonged to either turbulence data
analysis, where scaling is an inherent feature of fluid physics, or to image processing,
where the singularity detection and local reconstruction are significant.

Recently a lot of interest was attracted to possible applications of wavelets in both
theoretical and experimental nuclear physics. The main merits of wavelets valuable for
experimental data processing are:

*  Firstly, since the works of Zimin, WT proved to work efficiently in situations

where cascade processes play a significant role. Therefore, if the measure p(x)

describes an event number at a certain point x, (xe R 3in general), then the search
for jer events can be performed with the aid of WT, in a way similar to the «devil’s
staircase» singularity reconstruction (See, e.g., [7,10] for details).

* In the simplest one-dimensional case, x € [0, 2n] can be taken for the angular
coordinate of the detector; the WT can be regarded as a microscope with variable
angle resolution.

*  Sccondly, if x is regarded as time (or energy), WT works as a tool for studying
time (or energy) scaling of the process described by time (or energy) event density
H(x).

*  Thirdly, being local in both x and Fourier space, WT can provide more information
in spectral problems, where Fourier methods fail or work insufficiently.

* The contributions of different frequency bands to WT are kept reasonable
separated. This separation is achieved with quite insignificant loss of resolution in
time variable (if a signal is considered). That's why the reconstruction is «robust»
in the sense of being stable under small perturbations, which enables one to
distinguish between «useful» low bands (in Fourier space) and contributions of
close high frequencies ®, — @, =0 usually generated by noise.
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From the theoretical point of view the possible applications of wavelets are even more
appealing, since the wavelet transform is based on the scaling symmetry — one of the most
important symmetries in physics. Here we mention a few facts related to self-similarity
which could be studied with the help of wavelets [12]:
*  Local Parton Hadron Duality [13], i.e., the similarity between momentum spectra
of hadrons and those of partons. This similarity, which is closely related to n-
parton correlations and multiplicity moments behaviour in phase space, has been
studied in [14].

* The fractal behaviour of final multiparton states [16] was studied by several
authors. They calculated the fractal dimension directly from multiplicity
distribution moments and study the entropy of secondary particles

§==3,P InP,
n

where P is the probability of having «n» produced particles in the final state [17]. They

found the scaling behaviour, but, as the method was rather rough (see [7] for the
shortcomings of the fractal dimension calculations without wavelets), rare, but interesting
events could be lost.

* Recently, fractal analysis of multiparticle production in hadron-hadron collisions

has been done by other authors [15].

All these studies evidently admit the application of wavelet transform. Recently, the
wavelet transform as an image processing method was also applied to separation of
secondary particles’K-mesons, in particular) in 4 + Au interactions. Following [12], here we
describe the method and results.

7.1. Secondary Particle Separation as an Image Recognition Problem

7.1.1. Problem. The wavelet method has been applied to the processing of time-of-
flight vs. energy data plots obtained from 4+ Au — ... — reactions in experiments carried
out at the Nuclotron using the internal target at a deuteron momentum of 3.8 GeV/c in
March 1994,

In Fig.12 the mass spectrum of the primary data obtained by standard method of
comparing the time of flight and the energy

B=‘!=L =—\’E2—mz (18)

is presented.

Due to the presence of both m-mesons and protons (E ~ 250 MeV), which dominate in
the central region of the E vs. TOF plot, Fig.11, it is difficult to distinguish other events in
this region. Besides, high energy protons (E > 400 MeV) due to decreasing energy loss give
a contribution mainly to the low energy region about 200 MeV.
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Fig.12. Spectrum of reconstructed mass obtained from primary data
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7.1.2. Algorithm, The main idea of implying a wavelet analysis to investigation of
events in nuclear and high energy physics is to use its good properties in separating events
from noise. Using wavelet one can look at experimental data with various resolution. This
can be used to search for tracks of particles and different kinds of events, etc.

To use a multiresolution analysis [18] one should choose a family of closed subspaces
V. c L2(R), m e Z, such that

1. fix) e vV, =2 e Vo

2...cV,cV,cV,cV cV,c.,

AV =0, UV =L*R)
m m
3.thereis a Qe Vo such that its linear integer translations q)g(x) = ((x + n) constitute
. . » m . . .
a basis in V,, (consequently, functions ¢, constitute a basis in V ),

4. there exist 0 <A < B <es, such that for all (c,), _ , € 12(2),

2 2
A2 e P<l Xe,al <22 e,
The orthogonal prOJectlons of a funcuon which we analyse on a chain of subspaces

V,, represent snapshots of this function with different resolution. Choosing an appropriate

basic function ¢, one could select ditferent kinds of snapshots.
To make the decomposition close, one should also define a chain of subspaces W

orthogonal to V, , such that

m—l= m@"vm' (19)
The coefficients of a projection on V, and W, are
=0 olwdn a=[fw) viw ds 20)

where in a discrete case a sum is implied. For the simplest case of the Haar wavelet the
basic functions are:

. J1-1/2 forxel,
Jey) = llkl Jok 21
() [ 0 elsewhere, @y
, 29/ for2dk - 1y <x <2k~ 1/2),
Wi ={-279/2 for 2d(k—1/2) < x < 2Jk, (22)

0 elsewhere
ILJ_ denoten the supporter of j-th level basic functions

=1 =120k~ 1), 2781,

The approximate reconstruction formula has the form

— J m. m
me - Z s':l (P” + Z dn W‘:x ' (23)
n n
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In our two-dimensional problem we used a pyramidal scheme with a basis taken in the
form of a tensor product

/llx1=(W,@(P,:) ®(WJ@¢JI)|

or explicitly, {h, 4, /13} ={y,(x) y,.00: ¥, (x) 0.0 @0 v,.00}. The corresponding
coefficients can be easily derived from formulae (20):

JHl_ J i j
Seok "ok o2k ~1 TS o TS -1 S
Xy X 3 b ¥ Xy '
jrl sl s .,
gk ok "5 o 12k -1 S L2k S22k -1 Sk 2k
Xy x ) x ¥ Oy Ty
i+l ol J o)
diyk k"5 12k -1 " Sk -1 TS oL TSk ok
x ¥ x ¥ x » X ¥ x ¥
i+l J ol _od
Ay k"5 =12k -1V 2k -1 T2 w2k T Shk, 2k
2y x b3 x ¥ x ¥ x Ty

where s stand for the primary data.

20 ns

500 MeV

Fig.13. s*" cocfficients plot for the data set of Fig.!1
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7.1.3. Results. The primary data E—dr—plot is shown in Fig.1l. The X-axis
corresponds to ADC channel numbers, Y-axis to TDC ones. (Both axes are scaled by factor
4). In this plot, against a noisy background we can distinguish two contrast regions: the
upper one, which corresponds to secondary protons, and the lower one, which corresponds
1o T-mesons.

To clear out the contribution of the dominating processes we performed the wavelet
analysis. Having calculated the wavelet image (the Haar wavelet was used) of the initial
data plot we substracted the central domain, in which d* coefficients (See Fig.14)
practically vanish.

The resulting mass spectrum is presented in Fig.15. We identify the central peak near
500 MeV, clearly distinguished in mass histogram,with the K-meson contribution.

Besides, sequentially scaling the picture, we can clearly distinguish 4 regions:

+ upper right region: secondary deuterons

* lwo above-mentioned regions

* a K-meson branch.

7.2. Fitting Distributions with Wavelets

7.2.1. Problem. A typical problem of experimental nuclear physics is that of separating
several Gaussians which contribute to the same experimentally obtained spectrum. Usually,
to cope with this problem, some parametric methods evolving numerical minimization are
used. Wavelet decomposition provides a nonparametric method to separate the contributions
of several Gaussians [20].

Let us consider an approximation of an experimental data distribution, e.g., a number
of particles per channel vs. energy, by the sum of finite number of Gaussian sources

k2
(x—x,)

N
A
X)= expl — R 24
Texg 9 Z Vora? P 267 1)
where z N, =N is the total number of registered particles.
A
If we suppose that _/'L_\P(.\') is a square-integrable function, the solution of the equation

2
/‘ (\.)_Z__,Nk C’(P ___E.\_,.\_'ZQ_ _0
Jean" 3~ -
eAp = Vano; 2(52
can be found analytically. Let us’start with a single gauss distribution
i
. N v
Lo (V= expi — . (25)
gauss ,hno.z P 20;

where, without loss of generality, we set .\','” =r=0.
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Instead of calculating different moments of the probability distribution we perform
wavelet decomposition of the spectrum in question. Since we are going to analyse Gauss
distributions, it is natural to choose the analysing function g — the basic wavelet — from
the family of vanishing momenta wavelets (13).

1t should be mentioned, that go(.r) does not fit the problem, since €, =o° and the inverse
o

transform (11) is not defined for this case. This fact hints that the direct decomposition.of

f.. into the sum of Gaussians is not unique, and hence the problem requires more general
exp

system of basic functions.

Prior to study distribution functions with the family of wavelets (13), let us recall some
useful formulae

1. The Fourier transform of the g, family is
g (k) == ()" 3
2. We can define a formal generating function for the wavelet family g,
2(s, k) =exp (iks— kz/ 2), (26)

such that

7 ()=~ [di ]" 7, 0] @7
s=0

For a single Gaussian distribution (25), to calculate the convolution (10) for an
arbitrary basic function from the family g, We use the generation function (26):

(T foaus)(@: ) = [ ] (T, fyaus(@: D) e (28)
where g_stands for g(s, - ). Substituting (15) into the latter equation, we obtain
(T Epauss) (@ D)= N J‘”\ exp(lk(b+as)——(a +0’2)]
(b+ as)
exp| -~
{ 2Aa? + ) ]

¢y Va* +6°

£

The formal normalization constant c, should be replaced by concrete Cy after taking the

5

derivatives.

7.2.2. Single Source Distribution, The simplest way to find the distribution parameters
for the case of a single Gaussian source is to use the coefficients of its g, decomposition.

Eq. (29) for n =2 leads to
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f 3/2 b2 1)2
(T Ha, b)y=N \} I - exp| ————= |. (30)
gauss a’+ 0’2 @ +o° 2(a2 + 62)

Taking the derivative 8/8“ of equation (30} at the central point b =0 we find the extremum

of the g, coefficient at a scale

a, =V50. 3h

The value of wavelet coefficient at the extremal point is

3/2
(T, Fop Xy O = e 5°/ 672 = e (32)

Zna (6

Thus, performing the convolution (10) numerically and finding the maximum of the g,

wavelet coefficient we obtain the dispersion and amplitude of original distribution.

7.2.3. The Distribution with Two Sources. 1f the distribution is a sum of two Gaussians
and the localization at least of one of them is known, we can find the other with the help
of g, wavelet.

Without loss of generality we write the analysed function in the form

fix) NO .r2 Nl (x_'tm)z) (33)
x)= exp| —— |+ exp| — .
-V_znc;) p( 20] V2no, P 262

Let us consider the gl-wavelet coefficient at x=0. Since the first term of r.h.s. of (33) is
symmetric, whether g (x) is antisymmetric under the reflection x — —x, the coefficient

(Tg (a, 0) depends on the second term of (33) only.
1
Explicitly,
2

/2 X
T , 0 = "l . m ~ . , 34
( -"n'n(a )= J [(1 +07 ]J P 2d’ + ) .

Thus, knowing (Tu N(a, 0) we can determine Nl’ (o]
1

Y

The transformation with the g, basic wavelet is practically useful when we are looking
for a Gaussian distribution with a center located apart from a certain point X In this case,
since gk(.x') is antisymmetric, the local Gaussian fluctuations located at Xy give no

contribution to (Tv MNa, Xo)- The extremal condition with respect to the scale variable a
ot

T, fa,0)
il

da =0.
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can be easily derived from (34), where x0=0 without loss of generality. This leads to the
biquadratic equation

3a* - 2x%a% - 36% =0,

which has a real positive solution

'\/1+\/1_+9(<s/x)z

acxtr =X 3 (35)

7.2.4. Practical Application. Practically, the method was applied to test the energy
spectrum of plastic scintillators produced in Dubna for the NEMO experiment [21]. The

electron energy resolution was measured with radioactive source 207g; emitting 569 keV

and 1063 keV 7y-quanta and the corresponding internal conversion (K) electrons with the
energy 481 keV and 978 keV.

A typical data sample, produced by a standard source with the coincidence measure
method, is shown in Fig.16. The spectrum (the total intensity) contains the contributions of
K, L, M, N electron lines, and 2n unknown background.
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Fig.16. NEMO experiment. The electron energy spectrum registered in plastic
scintillator test
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Fig.17. q, wavelet coelficient for the energy spectrum

Visualizing the wavelet image of the raw data we obtain a clear picture of the whole
process with distinguished local maxima on the scale-versus-coordinate plane. For
sufficiently distinguished peaks relation (31) provides a direct method of calculating
without any numerical fit. For more complicated noisy data the method provides
visualization of local maxima — possible sources of Gaussian distributions. The main
advantage of wavelets, appearing even for the case of visually unseparable Gaussian peaks,
is that we can see the same picture at different scales simultaneously and look for the
sources according to the scale behaviour of wavelet cocfficients. Besides, using two
different wavelets, symmetric and antisymmetric, say g, and &, we can make a recurrent

procedure based on formulae (32,34).
The plot of the wavelet image of these data is shown in Fig.17. The X-axis corresponds
to the electron energy (in channels); the Y-axis corresponds to the 2174 based scale.

All the local maxima can be clearly seen on the plots. For the sufficiently separated
peaks the energetic resolution (g) of the peak can be directly determined from equation
3.

Since the statistics is not high enough, it requires both experimental knowledge and
efficient data processing methods to get statistically valuable results from the existing data.
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8. Concliusion

Wavelet analysis, which has been proved to be an efficient tool in all kinds of signal
processing, seems to be even more promising in nuclear physics. There are several reasons
for that:

+ Being a robust integral transform, wavelet analysis does not require

differentiability of the function in question and is stable under local perturbations.
That is why it directly (without any preliminary smoothing) provides information
about singularities and self-similarity, if they are present in experimental data.

+ It is natural to define wavelet transform directly on probability space (and consider
differentiable functions as a particular case) — thus we have a nonparametric
statistical method [22].

*  Wavelet analysis can be used in theoretical nuclear physics and provides a self-
similar basis in Hilbert space of state vectors [23]. Thus we have a new bridge
between observed statistical properties of quantum systems and their immanent
quantum properties.
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DESIGN AND STUDY OF LIGHT READOUT SYSTEM

FOR SCINTILLATOR SHOWER MAXIMUM DETECTOR
FOR THE ENDCAP ELECTROMAGNETIC CALORIMETER
FOR THE STAR EXPERIMENT AT RHIC

G.Averichev, N.Moroz, Yu,Panebratsev, E.Potrebenikova,
S.Razin, G.Skoro, V.Yurevich, LTsvetkov

The possibility of using a strip/fiber-type shower maximum detector (SMD) in the endcap
EMC for pp, pAu and AuAu collisions was investigated by simulation. It is shown that strip-
type SMD is a good option for pp and pAu collisions, but is not suitable for AuAu. The
compact module of 16 tiny Russian photomultipliers with one HV power supply channel is
realized as a unit of a light recadout system of the SMD.

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

Pa3zpabotka u nccnegoBaHHe CHCTEMbI

cBeTocOOpa CLHHTHILIAIHHOHHOTO AeTeKTOPa MaKCHMyMa
JIMBHA TOPLIEBOTO 3eKTPOMArHHTHOIO KaJIopHMeTpa
yeranoBki STAR Ha yckopurene RHIC

I.Agepuues u dp.

Myrem smomeanposanus pp-, pAu- i AuAu-CTONKHOBCHMIT HCCICAOBAHA BO3MOXHOCTb
HCII0AK30BaH A ACTCKTOPA MAaKCHMYMA JIHBHA CTPHNOBOIO THIA B TOPLICBOM 3MEKTPOMATHHTHOM
katopumerpe. [Mokasato, 4TO ACTCKTOP MaKCHMyMa JIHBHS CTPHMOBOTO THMA MOXCT ObiTh
HCMIONILI0BAH NS PP- H PAU-CTONKHOBCHHIL, HO ne npurogeH ang AuAu-crosnkiosennii. dns
csctocbopa € ACTCKTOpa MAKCHMYMa JHBHA paspaboTan M co3fan KOMNakTHbl MORYns,
cocTosiuuii 13 16 MHHHATIOPHLIX PYCCKHX (DOTOYMHOXHTENEH C EIHHBIM BbICOKOBOJIbTHAIM
1HTaHHCM,

PaGota swinoniena 8 JlaGopatopiuu sbicokux aucpruit OUSU,

1. Introduction

The investigation performed by the IHEP group indicates that scintillator strip/fiber-
type shower maximum detector (SMD) [1] is a good option for the barrel electromagnetic
calorimeter for the STAR experiment [2]. There [1] has been tested only one photoreceiver
— Russian photomultiplier FEU85. We have continued investigations in this direction with
the goal to find a new compact module type sheme of light readout based on low-current
tiny Russian photomultipliers. In this case only one HV channel of a standard power supply
source should be enough to feed one light receivers module.
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We would like also to reply on the question whether it is possible or not to use a
scintillator strip type endcap SMD not only in investigations of polarized proton collisions
at RHIC but in study of pAu and AuAu collisions as well. For this purpose we have carried
out Monte Carlo simulation.

The proposed endcap EMC is a lead-scintillator sampling calorimeter. The inner and
outer edges of the endcap EMC subtend polar angles of ©=154° and ©=38.3°,
respectively, and it will cover the rapidity range from 1.0 to about 2.0. The space available
for the endcap EMC and its electronics ranges from Z=2712 to Z=3087 mm, with Z along
the beam direction, and covers radial range from r=774.8 to r =2460 mm, respectively.

It is proposed that the SMD will be placed into the endcap EMC at a depth of
5+7X, into 2.5 mm gap. It will consist of A@=30° sections each of which includes two
sets of scintillator strips, placed perpendicularly each to another and oriented at 45° angle
to the center line of the section. The light readout from each strip will be done by means
of wavelength-shifting (WLS) fiber, mounted in a groove of the strip and connected by
clear fiber (about 3m) to a photoreceiver (PMT or avalanche photodiode).

2. Monte Carlc Simulation

The Monte Carlo program GEANT 3.15 with a 1 MeV cut for ¥'s and electrons was
used to study EM showers, and HIJING model event generator has been used to describe
proton-nucleus and nucleus-nucleus collisions.

Figure 1 shows rapidity distribution of y’s and hadrons in pp, pAu and AuAu collisions
at an energy of 200 GeV/nucleon. The distributions of energies of direct gammas and
gammas from 0 decays in acceptance of endcap EMC are presented, too. It is seen, that

main background in SMD is related with n° channel of ¥ production. The number of ¥'s in
the SMD acceptance is about 800 in central AuAu collision and about 10 in central pAu
collision.

The y-initiated showers are symmetrical with respect to the line of flight of the primary
v. in Fig.2 are shown transverse profiles of 15 GeV ¥ shower in the first and the second
plane of SMD, placed into endcap EMC at the depth of 5X's about the position where the

maximum development of shower occurs. To identify the single shower the scintillator

strips must have the width not larger than 12 mm. The IHEP group data confirm our results
(2]. We use | cm width scintillator strip in our investigations.

In Fig.3a are shown the charged particles multiplicity distribution on the first SMD
plate for the central pAu and AuAu collisions. Referring to Fig.3b, where is presented the
energy deposited in SMD scintillator vs. distance from the center of SMD, one can see that
about 75% of the showers are in the central area 75 cm < R < 160 cm. This area contains
about 600 Y's (AuAu collision case). In Fig.4 is shown the energy deposited in the central
5 cm wide ring of SMD vs. azimuthal angle for 6°, 3° and 1°/ per bin. The one 3® bin
contains ~3 strips and covers an area of about 40 cm. This area contains only one shower,
It is seen that using 3° azimuthal bin the showers could be separated. The 75 cm <R < 160 cm
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Fig.1. The pscudorapidity distribution of ¥'s and charged hadrons in pp, pAu and AuAu collisions at
200 GeV/nucleon

ring contains about 100 strips per 30° sector, so we have ~1.5 ¥'s per three strips. Then, we
g psp Tsp P

can conclude that the strip-type SMD is not suitable for separating the showers from AuAu
collisions. .
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3. SMD Prototype Design

Following by results of our simulations and experimental study [2,3] the optimal
thickness of scintillator strip is 4 +6 mm and its width is 10+ 12 mm in order to obtain
needed position resolution. We used a scintillator strip of 10 mm width and 4 mm thickness
in our studies. In this case the full SMD will contain about 5300 strips. The SMD strips
were read-out with wavelength-shifting fibers. The light collected by WLS fiber is
transported via a long clear fiber to photodetector. The scintillator and the WLS fiber were
wrapped with an aluminum foil. The hodoscope’s scintillator plane of prototype contains
16 strips. Our investigations, the results of which are given in the next chapter, show that
compact Russian photomultipliers like FEU-162, FEU-96 and FEU-60 with the gain more

than 10° and quantum efficiency of photocathode about 15% can be used in SMD as
photodetector. The high resistance dividers of the PMTs with about 100 PA current are
used. The tested photomultiplier’s specifications are given in Table 1. It allows us to use
only one 2mA high voltage power supply channel for 16 phototubes module of the SMD
and significantly reduce the cost of production of the HV power system. The two stage

amplifier with the total gain about 10° is used for getting the suitable PMT pulse height.
As an amplifier unit we used the Russian charge amplifier chip «Garantija» with the

maximum gain about 10%. The electronics components of the first amplifier cascade is
placed just at the PMT divider board to reduce a noise. The photomultipliers operate at the
nominal anode voltage ~1000V (FEU-60, FEU-68, FEU-85) and ~1500 V ( FEU-96, FEU-
162).

The prototype module of 16 photomultipliers has the size 12 X 12 %30 cm. The total
number of modules (324 units) for the hole SMD will have the size 216 X 216 x 30 cm. The
prototype module is shown in Fig.5.

Table 1

Parameters FEU-85 FEU-162 FEU-96 FEU-60 FEU-68
Diameter, mm 30 22.5 225 15 15
Length, mm 107 75.0 75.0 70 70
Photocatode type Sb-Cs Sb-Na-K-Cs | Sb-K-Sc Sb-Cs Sb-Na-K-Cs
Quantum efficiency 10 15 15 10 15

(A =480 nm), %
Gain ~10° ~10° ~10° ~10° ~10*
Current divider, HA 100 100 - 100 100 100
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Fig.5. The phototype SMD module of 16 photomultiplier

4. The PMT Test Experimental Set-Up

A number of tests have been performed with Russian photomultiplier FEU-60, FEU-68,
FEU-85 and FEU-162. Figure 6 shows a schematic view of the experimental set-up and
logic of the measurements.

A WLS fiber BCF-91A with diameter of 1 mm, (A =480 mm) was used. A clean fiber
BCF-91B had length ~1 m. The thickness and the width of the scintillation strip were 4 mm
and 10 mm, respectively. Data were taken with Ce-144 source. The gate of ACD was ~60 ns
and have been produced by coincidence of Monitoring Counter (FEU-87) and Coinciding
Counter (FEU-87) signals. The threshold of Monitoring Ceounter was about 400 keV and
defined the low level of scintillator light.

The Coinciding Counter threshold was as low as possible in order to detect all electrons
passed through scintillator strip.
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Fig.6. The experimental set-up and logic of the test measurements

The testing PMT were placed one by one in turn into Experimental Counter area so
they have the equal optical conditions.

5. Results

At first, we have repeated the IHEP test of EU-85. Pulse heights measured with FEU-
85 are shown in Fig.7. One can see that our results are in good agreement with [HEP data
and we can conclude that our optical chain works right.

For PMT FEU-85, which has a gain of about 106, we obtain ~2.5 photoelectrons per
MIP. Figures 8a, 8b and 8c show the results of test for FEU-162, FEU-96 and FEU-60,
respectively. They have a gain of ~10°. The total gain of read-out electronics was 120
(FEU-162), 80 (FEU-96) and 80 (FEU-60). In the case of PMT FEU-85 it was ~20. The
ADC pulse heights distribution for FEU-68 is shown in Fig.8d.

The results of our PMT tests are summarized in Table 2.

One can see that the photomultipliers with gain more than 10° are suited for using as
photoreceiver in SMD.
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Table 2
PMT PMT gain read-out gain Np.e./MIP

FEU-85 ~10% 20 y2.5
FEU-162 ~10° 120 ~1
FEU-96 ~10° 80 ~1
FEU-60 ~10° 80 ~1
FEU-68 ~10* 450 ~0.7
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Fig.7. The ADC pulse heights distribution measured with FEU-85
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6. Conclusions

The possibility of using a strip/fiber-type shower maximum detector (SMD) in the
endcap EMC for the STAR experiment at RHIC for pp, pAu and AuAu collisions was
investigate by simulation. It is shown that strip-type SMD is a good option for pp and pAu
collisions, but is not suitable for AuAu. The compact 12 x 12 X 30 cm module of 16 tiny

Russian photomultipliers with one HV power supply channel is realized as a unit of light
readout system of the SMD.,
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A STUDY OF MULTIPARTICLE AZIMUTHAL CORRELATIONS
IN HIGH ENERGY INTERACTIONS

V.V.Belaga, G.M.Chernov

Genuine multiparticle azimuthal correlations between secondary charged particles produced
in hadron-nucleon and hadron-nucleus collisions at p, = 200-400 GeV/c and in nuclcus-nuc-

leus collisions at p, = (2.5-4.5)A4 GeVic have been studied using a new formalism. These

correlations are observed for all types of charged sccondaries and in all types of interactions,
The meaning of obtained results and capabilities of suggested technique are also discussed at
a scmi-quantitative level.

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

H3yuenne MHOTOMACTHYHBIX a3HMYTAIBHBIX KOPPEIALHI
B coynapenusx c Gonbwoii 3Hepruei

B.B.Benaza, I'M.Yepnos

C noMoIbK #OBOTO HOPMATIIMA HIYHANHCH MCTHHHBLIC MHOTOYACTHYHBLIC A3UMYTANBHBIC
KOPPCISIHI MEAKIY BTOPHYHBIMI 3APSKCHHDBIMI YACTHIAMH B aIPOH-HYKIOHHBIX  APOH-SICP-
HwX coymapeuusx npu p,=200-400 TeB/c n B sApo-SACpHBIX COYRAPCHMAX MpH

Py = (2,5-4,5)A aB/c. Takuc koppensui oGHAPYXeHb! AN BCCX THNOB BTOPHYHBIX 3apAXCH-

HBIX YACTHIL M BCCX THIIOB B3anmolciicTsnii. Ha nonykomiuecrseiios yposne obcyxucnsl 3ua-
YHMOCTDb HOJMYYCHHBIX PC3YILTATOR 11 BOIMOKHOCTH NPCANOKCHION TCXHUKI aHanu3a,
PaGorta suinonucsa s JlaGopartopun suicokix ancpritit OUAH.

1. Introduction

The necessity of studying the correlation and fluctuation properties of secondary par-
ticles created in multiple particle production reactions at high energies arises from the fact
that their simplest characteristics, such as multiplicities or one-particle distributions, reveal
a low sensitivity to the choice between various theoretical approaches to the theory of
strong interactions. This topic has become very popular, mainly due to the advances that
have recently been made in understanding the internal dynamics of multiparticle processes.
This has come about with the analysis of various kinds of correlations and fluctuations [1}
and also because of its obvious relation with the very important problem of the search for
and study of the new hypothetical collective phenomena in particle and nuclear physics.

Correlations between «longitudinal» characteristics (such as rapidities, pseudorapidi-
ties, etc.) of secondary particles are considered most often in theoretical and experimental
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works devoted to this problem. At the same time. the study of azimuthal correlations has a
great advantage in that they do not depend on strong pseudocorrelation effects caused by
nonuniformity of the events forming the inclusive or semi-inclusive sets under study [2].

Strictly speaking, at present, only the production of resonances, quantum effects asso-
ciated with the identity of particle, and jets arising in hard QCD processes are well-estab-
lished dynamic factors that lead to correlations among particles produced in multiple pro-
cesses. At the same time, although a number of additional interesting physical phenomena
have long been discussed in the literature, the questions concerning the existence and pro-
perties of these effects remain unanswered. Among them, for instance, «heavy» unstable
intermediate objects (that cannot be reduced to known resonances), effects of a «collective
flow» type and some other collective properties of quark-gluon, hadron or nuclear matter
may be mentioned. One of the reasons behind this situation is that the number of works
devoted to the search for genuine multiparticle correlations is obviously unsufficient.

In this report, we present the first results obtained by applying some general methods
for analyzing genuine multiparticle azimuthal correlations between secondary particles from
hadron-nucleon (AN}, hadron-nucleus (hA) and nucleus-nucleus (AA) collisions at high ener-
gies. We will not be concerned with the usual two-particle azimuthal correlations based on
the refative azimuthal angles

g;; = arccos (pT,pT, / [JT'[JT/) = arccos (9, - (pj)

(here p,. and ¢ are the transverse momentum and azimuthal angle of the particle, respec-

tively) and their characteristics, nor with the so-called global variables of the events (such
as sphericity, coplanarity, directivity, etc.) that give only indirect information on the cha-
racter of azimuthal correlations between the particles. Tests of the above-mentioned
methods show that they may turn out to be an efficient tool for studying final multiparticle
states of multiple production reactions and nuclear multifragmentation at high energies.

2. Methodological Aspects
Recently, the tollowing random variables characterizing the azimuthal correlations of
arbitrary order were suggested:

(i} the minimum length of the azimuthal interval containing an arbitrary number
k(2 < k < n) of ordered azimuthal angles, i.c., the differences (or «spacings») [3,4]

Qo9 I <is<nu-k+1,
2 — ~ ) [ <
MA@y, 9, n-k+l<ign

(n)

Vi © (2)

of the order (k — 1):

{ii} the dispersion of the @-distribution of the same subgroups of charged particles
[5.4]
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i+k-1
Y (@ -0/ k- 1<i<n—k+1,
I'-i
o = » (¢, - B’ 3)
=i
i+k=1-n
v Y Qe -F/ k-1, n—k+l<isn

=1
i+k-1
where (p(") Y, @,/k,  etc. The second terms in Eq.(2) and Eq.(3) are introduced for
=i
symmetrization over the full azimuthal circle;
(iii) the geometric average of the relative angles (Eq.(1)) for the subgroups containing
k nonordered particles [6,7]

M 1/M
e,(\,")={.]_[‘ e,.j] v M=kk-1)/2 @
i<y

All the statistical characteristics of the mentioned variables can be found for inde-
pendent emission of the particles (or in zero approximation, when all correlations are

absent). For instance, for the first of them, \;l(") ; [3]: the distribution density is

n 5 _ -n (n =1 -1 =k
R p=en T e e v e W)

the moment generating function is
m(t) = Ok, n, 2n1)

(where @ is the hypergeometric function), and the moments of arbitrary order r are

d'm() = ony’ kt+r=-DI@m-1

VT T ar izo E=Ditr-Nr"

r

The simplest of the moments are: a) the expectation value
Cui? )=V =k~ 1)/n 5)

and b) the standard deviation of the \;l:,")_ -distribution
-k 1/2
o, )= (v, =) = 2/ )[A(n )] .

+ 1 ©)

Eq.(5) is trivial because we have z (w(") )= 2(k - 1) min any case. o(\y( ) ;) can be used,

however, as a measure of multiparticle azimuthal correlations since any deviation from the
value given by Eq.(6) means that the statistical independence of the angles ¢ has been
violated, i.e., there are correlations between them. The zero approximation expectation

2
value and standard deviation of the second variable, oi,") , are equal to
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( o{,”’z )=k + 1) (k+2)/[3n(n + 1)] Q)

and

Oy = (2 k+ 1) (k+2)
(0, ) = (m /3)[k(k—1)n(n+1)x

2
X[(k+3)(k+4) K2 —k+6) (k=1) k(k+1) (k+2) ]]1/2, ®)

S5(n+2)(n+3) nn+1)

respectively [5], etc.
The formulas presented above are written for fixed n. They can be easily generalized

for inclusive sets of events by using normalized quantities. For example, instead of \p;(")_ [

we considered
o =™ = (v N /o™ ). ©)

The expectation value and standard deviation of ¢§_")_l are exactly equal to 0 and 1, res-

pectively, in the case of the independent emission of the particles under study. Therefore,
any deviations from these values mean the existence of some kind of correlation.

3. Experimental Data and Results

As a first approbation of the above methodology, we carried out a search for multi-
particle azimuthal correlations in six inlcusive sets of hadron-nucleon (AN) and hadron-
nucleus (hA) collisions at primary momenta of 200 and 400 GeV/c and in four sets of
nucleus-nucleus interactions at primary momenta of 2.5-—4.5 GeV/c per nucleon. All the
experiments were carried out under identical conditions with the help of the emulsion
technique. The data on the statistics of the events in these sets are presented in the Table
below, which also gives references to the papers containing detailed information on the

Table

Projectile Target py/ A, GeV/c Accelerator Numb. of events Refs.

N 200 Fermilab. 1293 8]

Em 200 Fermilab, 1626 (8]

n N 200 Fermilab. 1397 9

- Em 200 Fermilab. 5116 9]
N . 400 Fermilab. 1061 (10]

P Em 400 Fermilab. 3484 (n
2¢ Em 44 JINR in? [12)
14 Em 29 LBNL 1027 [13)
2, Em 4.1 JINR 4070 [14]
Spe Em 2.5 LBNL 1890 [15)
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experimental conditions and various
general characteristics of the events
(multiplicities, single-particle distri-
butions, etc.).

A search for multiparticle corre-
lations was carried out for relativistic
charged {s) particles from AN and hA
collisions and for all types of charged
secondaries — shower (s), «gray» (g)
and «black» (b) particles from nuc-
leus-nucleus interactions. Division of
the charged particles into mentioned
types was made according to usual
emulsion criteria.

3.1. IN and hA Collisions at
Py = 200400 GeV/c. Figure 1 shows,

as an example, the values of the stan-
dard deviation G(\Vg'_)_ ;) of the distri-

bution in the normalized minimum
length of the interval containing k
neighbouring (with respect to the
azimuth) sccondary relativistic char-
ged particles produced in AV and hA
collisions at 200 and 400 GeVic.
Here and below we only use the first
of above methods, because the appli-
cation of others gives the same
results.

The next nccessary step in the
correlation analysis is to quantitati-
vely take into account trivial kinema-
tic correlations that are due to the
effects of conservation laws. For this
purpose we generated inclusive en-
sembles of random events following
the phasespace (PS) model, taking
into account the presence of neutral
sccondary particles. Their number, Ny
was simulated for each n =2, 4,... in
accordance  with  the available

experimental data on neutral particle
production (including strange ones) in

pp collisions at Ej = 200-400 GeV.

n)
1.05 U(g)gc:-l) ' _ .
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Fig.1. The o((bi")_ ) vs. k for hN (open circles) and hA
(full circles) collisions: a) pN and pA at 200 GeV/e, b)

T N and 1A at 200 GeV/c, c) pN and pA at 400 GeVie.
The curves are calculated for 21V collisions according to
the phasespace model
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Fig.2. The differences of O'(CD;:‘)_ D= o’ s(tbi")_ 1) vs. k for hN collisions at

200—400 GeVic
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Fig.3. The differences of c(w(") W= oo(w }) vs. 1 in comparison with the results (curves)
of calculations according to the model with two-particle resonances for the fraction (1) 50, (2)
75, and (3) 100% of secondaries produced in their decays. The examples are given: for AN
collisions at k = 4 (a) and 6 (b); and for hA collisicns at k = 4 (c) and 6 (d)
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Fig4. The differences of (y" |) — o™5(y{™ ) vs. n

atk =3 (a) and k = 5 (b) for pN collisions at 200— 0.3
400 GeV/e

auh ) =a™ (L)

|
The charged particle multiplicity spectra for (. ']+++ !
the real and simulated ensembles were exactly o} +++§+ Lo +
b

y y Q)
the same. The values of o(P,"” 0.0

the PS model for AN collisions arc shown by 0 5 10 15 20 N
solid curves in Fig.1. Figure 2 presents the dif-

) calculated in

ferences between 0(@2"2_ ) in real and Monte

Carlo ensembles of /N collisions vs. k of the
correlations. The following conclusions can be .
drawn from the inclusive data displayed in . gl ) =o™ (L))
Figs.1, 2: 0.3 — )
(i) There are genuine multiparticle b)
azimuthal correlations of non-kine- ()
matic origin in AN collisions at 200— l
400 GeV/e; * |
(ii) These correlations are different for 0.1
hN and hA interactions;
(iii) They do not depend on the type of 0.0 L |
primary hadron but depend on the 0 5 10 15 op 1
primary momentum;

(iv) The «strength» of the correlations increases at first with increasing & and then
reaches a maximum value at a value of k which depends on primary momentum.

Let us consider the semi-inclusive data. For simplicity, we combined cvents with fixed

n from all the ensembles of AN collisions (pN, 200 GeV/c + =N, 200 GeV /c + pN,
400 GeV/c) as well as from the ensembles of /4 collisions. All the results of our analysis
turned out to be a posteriori independent of this unification. Examples of these data are

presented in Fig.3; it should be noted that we used non-normalized quantities of \yi,")_ , in

the semi-inclusive case.

Finally, Fig.d shows the differences 0(‘(’2."1 )= OJ)S(lyi"l ;) for IV collisions at & =3
and 5. Onc can see that the correlations in actual events differ from those caused by
kinematic faw for all values of n up to the maximum values. We note that, at large 1, the
existence of the dynamical correlations is manifested only for high-order correlations and,
apparently, was never observed before. It is important to note, also, that the correlations for
the same »n are different for AN and /A collisions, This makes it possible to conclude that
purely collective models of particle production in 2A collisions are inadequate in the energy
range under consideration,
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resonances can qualitatively describe the data for n_<
\ o

Fig.5. The o(@{™ ) vs. k for s-particles
(a), g-particles (b) and b-patticles (c) from
nucleus-nucleus collisions. The spectator
fragments of projectile nuclei are exclu-
ded from relativistic secondarics

The production of a large
number of resonances (p, 4, f, clc.)
is a well-established fact and it is one
of the widely discussed physical
mechanisms that can generate corre-
lations between secondaries. Accor-
ding to various estimates, the number
of particles produced in the decays
of these resonances can be as large
as 50—90% of their total number.

We considered the behaviour of
the suggested characteristics of mul-
tiparticle correlations in the produc-
tion of particles via the decays of
two-particle  resonances. It was
shown that, for all %, these charac-
teristics are sensitive to this pheno-
menon; so, the study of multiparticle
correlations is a direct way to obtain
answers to the questions concerning
the existence of «heavy» intermedia-
tc objects that cannot be reduced 1o
known resonances. It should be
emphasized that preference should be
given to the study of high-order cor-
relations. An  example of such
analysis of the experimental data is
shown in Fig.3.

We can state that the model with

15 if the fraction of the resonances

5 taken to be 50—75% for AN collisions and < 50% for hA collisions. This model cannot,
however, describe the data for larger n_and the inclusive data of Fig.2, especially the

difference between the 200 and 400 GeV data.
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Fig.6. The same as in Fig.5 for Fe—CNO

(open circles) and Fe—AgBr (full circles)
collisions at 2.5 GeV/c per nucleon

Of course, we should not attach
much importance to our conclusions
at this point, because we only want
to illustrate the capabilities of this
new technique, based on the analysis
of multiparticle correlations, and to
present some qualitative estimates.
We hope that we succeeded in doing
this to a certain extent.

3.2. Nucleus-Nucleus Collisions
at p, = (2.5-4.5)A GeV/c. Finally, we

would like to present briefly a
preliminary analysis of the data on
multiparticle azimuthal correlations
in the nucleus-nucleus interactions at
the energies realized at the Dubna
and Bevalac accelerators (see the
Table above). Typical examples of

the dependences of 0((1)2"1 ) on k for

all types of charged secondaries are
presented in Fig.5. The data for 2c

and "N projectiles were combined,;
this unification is justified both a
priori and a posteriori.

The following conclusions can
be drawn:
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(i) There are genuine multiparticle azimuthal correlations among all the types of char-
ged secondaries from nucleus-nucleus collisions (except, may be, for target frag-
ments from the collisions of light projectiles);

(ii) The «strength» of the correlations increases with increasing k, although this effect
depends on the type of secondary particles and on some characteristics of nucleus-

nucleus collisions;
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(iii) The observed correlations depend on the atomic numbers of the projectile (see

Fig.5) and target nuclei (see Fig.6): the larger the Apmj (or Awger), the stronger the
correlations;

(iv) They also depend on the impact parameter of the nucleus-nucleus collisions (not

)

illustrated): the larger the «centrality», the stronger the correlations;

There is evidence of prompt connections between the observed multiparticle
azimuthal correlations and the widely discussed effects of collective flow («bounce
off», «splash-side», «squeeze-out», etc.) in nucleus-nucleus collisions. Therefore,
the suggested and discussed methodology is of great interest in the search for and
study of such phenomena;

{(vi) The semi-inclusive analysis showed, in addition, that the data are in agreement

with the picture of independent emission of s-particles at n_ 2 6—8. Besides, for
any fixed n_

correlations (AA) < correlations (hA) < correlations (kW)
Therefore, all the purely collective mechanisms of particle production (the
simplest versions of hydrodynamical theory, the so-called «collective tube»

model, etc.) in nuclear collisions are inconsistent with the experimental data
at the energies under study.

In conclusion, the most general result of this work can be stated as follows: the study
of multiparticle azimuthal correlations is a very powerful tool for investigations in high-
energy and nuclear physics.

It will be reasonable to make a remark: in the case of very high multiplicities, it is
useful to apply the above-mentioned methods to particles from different bins of rapidity. In
this way very interesting possibilities are opened, but that is a topic for another paper.
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COHERENT MULTIFRAGMENTATION
OF RELATIVISTIC NUCLEI]

G.M.Chernov

Reactions of coherent multifragmentation have been predicted and observed for relativistic
projectile nuclei. At the first stage of studying such reactions, we considered the coherent

break-up of 12C - 30 and 0 — 4ot at 4.54 GeVic. Their study points to the most favour-
able conditions for the investigation of nuclear structure and the scarch for various quasi-
nuclear resonances. ‘

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

KorepentHas MyabTH(parMeHTanus
PEJIATHBHCTCKHX AAep

I'M.Yepnoes

Buuit npeackasanel i HaGMIOAAINCh PCAKLHMH KOMCPEHTHOM MyRbTH(parMcHTaUHH pens-
THBHCTCKUX snep-cHapsnos. Ha nepsoil ctanuu #3yuenus peakimit 3TOro THNa paccMaTpisa-

JIaCk KOTepenTHas anccoltaums 2c 5 3001 %0 - 4a npit 4,54 MaB/c.U3yuenite nogoGHbIx
peaxiiii ykasnisaet Ha nanGonec G1aronpuATHEIC YoIOBHA ANS HCCICAOBRHKA AAEPHOI CTPYyK-
TyPht W MOHCKA KBAINAACPHBIX PCIOHANCOD.

Pabora sunonnena » JlaGoparopun sricokux anepriit OUAHN.

1. Introduction

As early as 1953, a new type of high-energy hadron-nucleus interaction — the reac-
tions of the coherent generation of particles in strong or Coulomb fields of nuclei — has
been predicted by Pomeranchuk and Feinberg [1]. Coherently influencing the bombarding
object, the target nucleus is proved to be a single, structureless whole in these reactions and
remains, as a rule, in the ground state. The coherence condition, 1 /g 2 R (R is the radius
of target nucleus, g is the transferred momentum), leads to very small values of momentum
transfer and to high values of the energy thresholds of such reactions. The first of them,
T +A-> TR R +A, was experimentally observed in 1961, and since that time, this class
of inelastic interactions with nuclei has become an object of intensive study in many labo-
ratories.

Recently [2], this idea has been spread to the multifragmentation reactions of rela-
tivistic projectile nuclei. The events of coherent multifragmentation (Fig.1)
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A+B—>B+ZF'.. (1)
H
as well as their analogues in the case of hadron-nucleus collisions, are characterized by very
small energy-momentum transfers, which are the consequences of the coherence conditions,
and by the high values of the energy thresholds. The considerable interest in such reactions
is for a number of objective reasons, among which are the relative simplicity of their
theoretical description, the presence of very favourable conditions for the search for and
study of various quasi-nuclear resonances, the possibility of studying the interactions be-
tween these resonances and intranuclear matter, etc.

2. Some Kinematics

Figure 1 presents the simplest diagrams for the diffractive and the Coulomb
mechanisms of the projectile nucleus coherent decay. Assuming, for instance, the diffractive
mechanism of dissociation, we can formulate its global features as follows:

(i) The angular distribution of the summary momentum Z p; of fragments F, is the

!
same as for elastic diffractive scattering;

(ii) The so-called intrinsic quantum numbers of the fragment system are the same as
for the projectile nucleus;

(iii) The momentum transfer (to the target nucleus) is very small:
1/q2 Ry (2)
From the encrgy-momentum conservation law one can easily find
*2 2 *2 2
M*“-MS E +M, 2._M -M,
7. T T 2 3)
Pa Mg py Pp

q,=

(the approximation is correct at very high energies). So, the longitudinal (qL) and transverse

(¢;) momentum transfers are approximately independent and 9, depends only on M .

A

— - \
. gE ( ) 9E \
(Pa,Ex) | 1 ) F

P orn

(0, My) (7. E)

Fig.]. The simplest diagrams for nuclear coherent dissociation
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The four-momentum transfer is
’ ’ ’ min oy 2
do /dt ~exp(—a|r|), |t|= |t—-t (Zm‘.)|=q7., 4)
i
where a = (R, + RB)2/4. Therefore, the distribution on g, has a Rayleigh form
do/dg~~ exp (- ag?),  {g¢;)=(n/4a)' 2 )

. a LN : M * -— — 1
The minimum vziic: of g, is realized at M, =Y m. and g, = 0, ie.,

1
(z m,.)2 -M AZ M
min _ _ i A

" = A ‘ ©)

2p, Py
where A is the «mass detect» of the channel under consideration,

n
A=Y m~M, )

i=1
(m; is the mass of i-th fragment). It is clear that | ¢|min = (qzﬁn)?‘ and
M *2)max = M/\2 + 2pA 1 1/3. (8)

Rough estimates of upper limits for q, and q, are given [I] by

g <u/B'3, g5, ©)

where | is the pion mass and B is the target mass number, Finally, Egs.(3) nad (9) imme-
diately give an estimation of the coherent reaction threshold

MM mB '3
min _ A pl/3_ 07
I o B = m A (10)

For instance, for the reaction 180 - 40 (see below) on a target with mass number
B = 100, the threshold takes up about ~ 0.5 GeV/c per nucleon.

3. Some Experimental Results

The variety of exclusive channels for coherent reactions at high energies is very great.

For example, the coherent emission of protons: AXZ -4 "'YZ _pTmp m=1,2,..), neu-

trons: AX,/ »A- Y., + mn, o-particles: AX7 A= dm Yy _ o T M, etc., by the projectile

2
nucleus can be considered.
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P(z
1‘32 -1 T T :
5
J
101 ¢ ;
X ' ]
100 —

0.0 0.2 0.4 0.6 0.8
. (GeV/e)?

Fig.2. Integral distribution on q?. for reaction (12) at

4.54 GeV/c. The curve is a fit by the sum of two Rayleigh
distributions

The first experimental data, which confirmed the existence of coherent nuclear frag-
mentation reactions, have been obtained for channels

2¢ 3 30, (i)

using the usual nuclear photoemulsions, emulsions enriched by Pb and the 2m propane
bubble chamber of LHE (JINR), and

160 - 4c, (12)

using the usual nuclear emulsion at p, = (4.2 - 4.5)4 GeV/c. For details for these expe-

riments see Refs.[3,4, 5,6,7]; here we present only a short review,

The distributions of the four-momentum transfer (4) for the investigated channels (11),
(12) have a typical form, reducing to the sum of two exponents corresponding to
dissociation on a nucleon and on a nucleus as a whole. An example of such distribution is given
in Fig:2.

Comparison of the data on various target nuclei also permits one to conclude that the
diffraction mechanism probably dominates for the light nuclei; and the Coulomb one, for heavy

targets. The mean free path for the coherent '2C — 3ct events in the emulsion enriched by Pb
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was found to be twice as large as in the usual emulsion, although the averaged target mass
numbers in both of the mentioned stacks were approximately the same [6].

The statistical theory of fragmentation {8] allows one to estimate the «temperature»
kT (or the average excitation energy per nucleon) of the fragmentating nucleus,

kT:Aé] (sz\l/mN)’ (13)

where m,, is the nucleon mass, Gy is the dispersion of the intrinsic momentum distribution

of nucleons that can be calculated using the so-called «parabolic law»,
2
0% =0, A A =AY/ - 1) (14)

Here A is the mass number of the projectile nucleus, A, =4 is the same for o and oﬁ =

=(p.2l.)/2. where (pg.) can be experimentally measured in the rest system of fragmen-

tating nuclei. We obtain T = (3 - 3.5) MeV for coherent reactions (11), (12) which is
considerably (several times!) less than in the reactions-of usual multifragmentation at rela-
tivistic energies measured in inclusive experiments.

In Figs.3, 4 we show examples of distributions on pg. and g;; = arccos Py P /pT Py)
i J i i

for the secondary  in the c.m.s. of fragmentating nuclei. Neither of these distributions can
be described using the statistical theory of prompt decay. The remarkable features of these
spectra are the high-momentum «tail» in py and the considerable trend to the coplanarity of

D, in the transverse plane of the reactions.
Further, it was found that the coplanarity of j depends on the excitation energy of the

dissociated nuclei. In Fig.5 we show the dependence of the coplanarity coefficient,

C= (Neijs n/4 + Neil,z 3n/4 "~ Nn/4 < eij<3n/4)/NOSEij.<_ n (15)

on kT for reaction (11) at 4.2A4 GeV/c measured in the 2m propane bubble chamber. The
coherent channel of (11) only takes place at kT'< 10 MeV. In this region, the coplanarity
of the transverse momenta of o decreases with increasing k7. Then, it reaches its minimum

value 7. = 0.16, which corresponds to the case of prompt decay of 12C into three alphas,
and begins to increase with increasing kT in the incoherent region of high temperatures.
At the same time, the distributions on the relative angles and effective masses of o
pairs in reactions (11), (12) display two peaks which can be associated with the decay of
the short-lived intermediate states of the ®Be nucleus in the ground (0%) and first excited
(2%) states. The relative probabilities of prompt and cascade decay modes also depend on
the temperature of the fragmentating nucleus (see an example in Fig.6). The character of
the dependencies of the momentum and correlation characteristics of o-particles on the
nuclear excitation energy agrees with the picture of the transition from the mechanism of
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100 —
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Fig.3. Integral distribution on pZT for a from reaction (12). The

line is a single Rayleigh distribution with (pzT y={( pZT )Mp

dn/dej;
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200t

ool L

0 ‘ 2 :
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Fig.4. Experimental and calculated (see text) distributions on & for

reaction (12)
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sequential binary fission to prompt multifragmentation with a further growth of angular

momenta acquired by the fragmentating system during collision with increasing nuclear
«temperature».,

0.6+C
047 ’ 1
0271 b—*-—l%‘_i Co=0.16 A
2.5 10 23 kKT, MeV
0.0 ' — : '
0 100 200 300 400

Fig.5. The coplanarity coefficient vs. kT for reaction (11) at 4,24 GeV/c

dn/dd;;
i()(lll/dUu , 30 |/‘ ij
”lh (04)
”BL( 2+)

20 20 T
1o 10

0 0 — - :

0.0 0,y deg. 1.0 0.0 0.5 1.0 1.51)“' deg‘z.o

Fig.6. The relative angle distributions for events of coherent reaction (11) with T < 2.5 MeV (a) and

kT > 2.5 MeV (b)
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The whole complex of results of the study of coherent reactions (11) and (12) points
to the most favourable conditions for realizing the reactions of coherent multifragmentation
of relativistic nuclei for the investigation of nuclear structure and the shape of the nuclear
equation of state at small excitation energies, and the study of qliasi-nuclear resonances and
their interactions with nucleons and nuclei.

The obvious extension of this work is to a directed search for and study of various
resonance-like peculiarities in the spectra of relative angles and/or effective masses of frag-
ments — pp, pd, pt, dd, dt, pa, do, etc. — the spectator products of relativistic projectile
nuclei. The abundant formation of such «nuclear resonances» in coherent multifragmen-
tation reactions at very small excitation energies augurs well for the future.
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SUPERPOSITION OF NEUTRINO EIGENSTATES
AND NEUTRINO OSCILLATION

0.A.Zaimidoroga*

The possibility exists that the weak interaction betwecen neutrino and antineutrino produces
states which arc superpositions of left-handed neutrino and right-handed antineutrino. This new
states do not have well-defined lepton number. The peculiar propertics of neutrinos and their
oscillation in this case most probable arc indicative of the Majorana nature of neutrinos.

The investigation has been performed at the Laboratory of Particle Physics, JINR

Cyneprnio3Husa coOCTBCHHBIX COCTOSTHIIT HelTTPHHO
H OCUHJUIALHH HEHTPHHO

0.A.3aiimudopoza

Mokasaio, 4To B peaynbTare c1aboro B3aHMORCHCTBHA MCXIY HEliTPHIO H auTHHCHTPIHO
BO3MOXHO CYIICCTBOBAHHC TAKHX COCTOAHMIT, KOTOPLIC ARAAIOTCA CYynepno3uuseii AeBoro HeifT-
PHHO 3t IPABOTO AHTHHCHITPINO. 3TH HOBLIC COCTOAHKUA HC HMCIOT ONPCACIEHHOTIO ICHTOHHOIO
unicna. CpoiicTBa 3THX HCHTPHHO M HX OCIHNALHK HanGonce BCPOATHO CBHACTCNBCTBYIOT O
MaitopaHoBCKOfi Npspoac MeiiTpHHO.

PaGora sunonnena s JlaGoparopun cscpxsuicokux anepriit OHSIH.

One of the fundamental questions in modern physics is: under what conditions can
neutrino oscillation occur in the vacuum?

The phenomenon of neutrino oscillation arises from a mismatch between the weak
cigenstates and the eigenstates of neutrino mass [1]. In the case of possibly massive neu-
trinos the relative phase change between the mass eigenstates with time can show an oscil-
lation pattern [2]. This oscillation is extremely sensitive to the mass of the neutrino and the
mixing angle.

In this paper the study of neutrino oscillation is made taking into consideration the
superposition of neutrino and antineutrino eigenstates. Analogously to K-meson mixing,
this oscillation is not sensitive to the mass of neutrino but to the mass difference of the new
states produced -and not having a well-defined lepton number.

Let’s consider a two-state quantum-mechanical system having identical quantum num-
bers, characterized by a Hamiltonian H. The initial states Sl and S2 will develop in time

following the evolution equation: 3
S
el O e I
ih 5 "HISI and ih N —H2S2.

The solutions of these equations are:

*c-mail: zaimidoroga@mi.infn.it and olcg@ljap5 jinr.dubna.su
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S, =k, exp (—iHt/h), S, =k, exp (- iH,t / h).

Each of those states would phase-rotate in its own eigenstate. Let’s now assime an inter-

action term in the Hamiltonian in the form:

. aSl . aSZ

'h—aT=HSl +a.S'2 and xh-g=HSz+aSl.
The amplitu‘des of states §, and S, starting from a state §,(r=0) are given by:
Sl(t) = exp (- iHt/ h) cos (at/ h); S2(t) = exp (- iHt/h) sin (at/ h). The new states (S1 + S2)
and (S1 —S2) will have different eigenvalues (H +a, H —a). This system will permanently
move from state §, to S, and back.

Let’s now consider two states having different quantum numbers. If an interaction
exists between these states, the time evolution of the system will be described by a linear
superposition of states and will not have a well-defined relevant quantum number. A more

familiar example is that of K % and K %-oscillation [4). Under the action of weak interaction
the original strong interaction eigenstates of X 0 and K %-mesons are mixed. The weak eigen-
states in this case are the linear superpositions of KO, T{-O(Kl, K2). If both Kl and K2 mesons
were stable particles, then K, and K, would each evolve with respect to its own Hamil-

tonian and after time ¢ the relative phase K i and K, (present in the original K 0, K 0—statcs)

would have changed. The new states would thus be the new linear combination of K 0

K and these states would also not have well-defined strangeness. The relative phase chan-
ge of K|, K, with time will be the result of this oscillation. In reality the weak interaction

also causes the decay of Kl' Kz' Due to the action of the weak interaction Kl, K2 mix and -
CP-violation occurs. Owing to the decays of K v K, the relative amplitude of X P K, present

in the original x° X O-mesons would change with time. So not only the relative phase but
also amplitude of K|, K, in K 0 K% mesons change with time. Under the weak fermion

interaction a pair of s-quarks converts into a pair of d-quarks and back. The CP-non-
invariant interaction gives rise to K|, K, mixing, while the CP-invariant part of this inter-

action contributes to the mass difference.

An important aspect of the phenomenon is that the interaction connecting two neutral
states with different quantum numbers violates the conservation laws involved and, due to
that the superposition transition can appear. The mixing may not take place if interaction is
forbidden. For instance, conservation of electrical charge forbids the oscillation between a
proton and an antiproton.

Thus, the superpositional states will appear if the base states are neutral and are of
equal masses and an interaction between this states violates those quantum numbers that
aren’t their eigenvalue. This is not the case for the neutrino. Electron-type of neutrino
cannot be coupled to a muon-type of neutrino, unless an interaction exists, which violates
lepton numbers. This interaction would play for neutrinos the same role as weak interaction
plays for kaons. But we know that lepton numbers conserve to a vety high degree. Now
one needs to clarify which kind of coupled states could be between two neutrino states
taking into account the fact that neutrinos are fermions. The weak eigenstates of neutrinos
do not coincide with the mass eigenstates, and due to that the components of weak eigen-
states can be expressed in terms of the mass eigenstates as:
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*
vi=2uij K €8]
Eigenstates of neutrinos in the limit in which the neutrino mass is degenerate would be
coherent and could therefore interfere. If the masses of the different eigenstates were too
far apart, then the velocities would so differ that the states could lose the interference
picture. The time evolution of the neutrino can be described by the coherent sum:

N
v() = Z exp (i ‘Jpz + )112) N, v, . 2)
l ol v )

One does not detect the individual terms in (2) but their linear combination corresponding
to certain weak eigenstates. Only eigenstates of v and V preserve the interference pattern.
The way to detect neutrinos and possible neutrino oscillations is through its weak inter-
action. So, two neutral degenerate levels of neutrino and antineutrino of definite flavour
under the action of weak interaction can be described by a linear superposition of states
neutrino and antineutrino. This system will continuously move from the left-handed state to
the right-handed and vice versa. So, a neutrino of definite flavour, produced at 1 =0, with
respect of (1) can be expressed by a linear superposition of the left-handed neutrino and
right handed antineutrino. These new states will not have a well-defined chirality, since
they are linear combinations of left and right chiral projections. However, they «can be
eigenstates of helicity (¢ * p/p). Obviously, for zero mass, helicity and chirality eigen-
states coincide. If the mass is non zero the chirality will differ from the helicity by the term

;113/E2. In the case of Dirac type of neutrinos the opposite chirality transitions between

neutrino and antineutrino are suppressed by a factor ms/Ez. The snopression is related to

the helicity and fermion number conservation [5]]. For the Majorana type of neutrinos there
is no helicity violation because the Majorana condition requires a neutrino to consist of a
left-handed 2-spinor together with a charge conjugate right-handed one. The mixing of two
degenerate levels in the vacuum must result in level splitting. These new levels would have
definite CP-parity. — —

V+V V-V

V1=T and v, = o)

Those states after a time t will have:

\,—|=2 (v, exp (= imt - 1"11/2)+v2 exp (= imyt - F21/2)].
If both states were stable (l’l = FZ = (), then after 1 = Tt/8m|2 the beam of neutrino

would consist of antineutrinos. After another time interval the beam of antineutrinos would
change chirality and would consist of neutrinos. The new staies thus reached could now be
a new linear superposition of neutrino and antineutrino. Experiments of this type make it
possible to detérmine the mass difference 8'”12‘ Two states v, and v, are eigenstates of

CP-parity. If they were both unstable, then under the action of the weak interaction they
could be mixed with and violate the CP-parity. Such oscillations would be suppressed by
exponential damping due to T, # 0. The probability will be:

1
Pvl ?)-"2(’) =3 {exp (=T +exp(-T,)x2exp [ (T, +T,) /2] cos ot}
The mass difference 8”’|2 does not depend on the mode of decay. Because of small phase space

available for the Vi v,-decays, one expects the width, (I r 2) 2 8’”12’ to enhance transition.
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So, the transformation of left-handed neutrinos to right-handed antineutrinos and vice
versa forms the objects having only two independent components. This transition violates
lepton number by two units and conserves CP-parity. The Majorana nature of neutrino
oscillation is most probable. Recently there was observed semileptonic decay of tau-lepton
claimed for the Majorana type of neutrino [6].

From the foregoing consideration, it is seen that two Majorana neutrinos v, and v,

probably would have a tiny mass difference as a result of AL =2 transition. For the detec-
tion of v-oscillation one considers the so-called «appearance experiments» to look for the
presence of antineutrinos in v-beam or vice versa. It is obvious that the ability to detect
v-oscillations depends on the mass difference of Majorana neutrinos v, and v, and they

would be stable or unstable particles. If neutrinos v., v, were stable, then after time

2
n/Am, 5 WO fluxes will appear: of neutrino and of antineutrino. The aim is to measure the
flux of neutrino of opposite sign at different distances from the source. The mass difference
can be measured directly in this case. To perform an experiment the detector has to be
sensitive to both signs of neutrino. For example: if source is the source of antineutrino, then
one needs to detect the flux of antineutrino at given distances via inverse beta reaction:
Vipon+e
and elastic scattering
Ve vV+e

If no oscillation is present, then the ratio AWp/Nve will be constant for any distances. If
oscillation is present, then the ratio NVp/(NVe + Nve) would be function of Am' 2 To
verify this, v-oscillation can be detected in laboratory from high-intensity beta source or
accelerator. Another possibilities are in solar neutrino detection. Antineutrinos are not pre-
dicted by any solar model, thus observation of antineutrino would be of major significance.
To explain deficit of solar neutrino flux, the mass difference has to be
< 107" MeV-10""° MeV. Study of v~V oscillation can be also done with short- or long-
baseline neutrino experiments. If v|, v, are unstable particles, the yield of neutrinos of

opposite sign would depend upon branching ratio of decay mode to different types of
neutrinos and I‘/AmI2 ratio.
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SIMULATION RESULTS AND SUGGESTIONS

FOR POSSIBLE DESIGN OF GASEQUS SHOWER MAXIMUM
DETECTOR FOR THE ENDCAP ELECTROMAGNETIC
CALORIMETER FOR THE STAR EXPERIMENT AT RHIC

G.Averichev, S.Chernenko, E.Matyushevskiy, Yu.Minaev,
Yu.Panebratsev, E.Petrebenikeva, D.Razin, S.Razin, L.Smykov,
G.Skoro, A.Shabunov, LTsvetkov, V.Yurevich, Yu.Zanevskiy

The Monte Carlo simulation of Shower Maximum Detector (SMD) for the endcap EMC
has been performed for pp, pAu and AuAu collisions. A conceptual design of gaseous SMD
with a pad readout of signals is proposed.

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

MonenHpoBaHHe H BO3MOXHBIE PeaqH3alMH Tra3oBoro eTeKTopa
MaKCHMYMa JIHBHA TOPLEBOTO JICKTPOMATHHTHOIO KalopHMeTpa
yeranosku STAR Ha yckopurese RHIC

I'.Asepuues u op.

IpoBeneHo MOACAUPOBAHHE NETCKTOPA MAKCHMYMA NUBHA TOPHEBOMO 3NEKTPOMATHKTHOTO
KanopuMeTpa ans pp, pAu it AuAu ctonknosenuii. [Tpewtoxen ra3oseii netekTop MakcHMyMa
JIHBHA C KATOMHOI IWIOCKOCTBIO, HMetowteii pad-cipyKTypy.

Pa6oTa sbinonuena s JIaGoparopsit BeicokHX 3Hepruit OMAH.

1. Introduction

In our previous report [1] we presented the results of Monte Carlo simulations of
endcap EMC Shower Maximum Detector (SMD) for the STAR and experimental
investigations of characteristics of the Russian tiny photomultipliers PMT in order to
specify their applicability in the SMD. Our results show that the scintillator strip/fiber SMD
is good option for the endcap SMD in the case of pp and pAu collisions. Application of
Russian tiny PMT with low gain allows us to build relatively low-cost SMD with low
number of high voltage supply channels. But, one of the most important conclusions of our
previous work [1] was that this type SMD is not suited for the job in the AuAu collision
case. In what follows, we present results of our MC calculations and main ideas about the
conceptual design of SMD for endcap EMC with a pad readout of signals,
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2. Monte Carlo Simulations

2.1. SMD Parameters. The CERN Monte Carlo program GEANT3.15 with a | MeV
cut for ¥'s and electrons was used to study EM showers for full STAR detector, and
HIJING model event generator has been used for describing of proton-nucleus and nucleus-
nucleus collisions.

During the MC simulations the SMD was placed at the depth of 5X|, in the endcap EMC

and consisted of two scintillation rings (inner radius — 75 cm, outer radius — 232 cm,
thickness -— 6 mm).

In Fig.l the pseudorapidity distributions of y's and charged hadrons in pp, pAu and
AuAu collisions are presented. The distributions of energies for direct gammas and gammas

from n° decays in acceptance of the endcap EMC are shown in the right side of this picture.
The number of y's in the SMD acceptance is about 800 for central AuAu collision and
about 10 in central pAu collision.

Scatter plot of shower charged particles distribution on the first SMD layer is presented
in Fig.2a. In Fig.2b we show the number of this particles as a function of the distance R
from the SMD centre. It is seen that about 75% of showers, produced in the interactions of
primary ¥'s (about 600) with the calorimeter matter, lie in the central (75 <R < 160 cm)
SMD region.

The same distributions for the primary gammas with energy above 500 MeV are
presented in Fig.3. Comparison of Fig.2 and Fig.3 tells us that the contribution of showers,
induced by gammas with energy lower than 500 MeV, is practically negligible, and we can
conclude that the main sources of background (for observation of direct ¥'s) are hadrons
and gammas with energy higher than 500 MeV.

Figure 4 shows the transverse profiles of shower, induced by 15 GeV gamma on the
middle part of the first and second layer of SMD at the pseudorapidity 1 ~ [.5. RMS of the
shower transverse profiles is about 2.3 cm. This means that the granularity of the SMD
must be better than 10—12 mm for both layers in order to identify and separate the
showers. The IHEP group experimental data (2] confirm our conclusion.

To obtain a uniform deposited energy over full surface of SMD layer, we have account
for dependence of deposited enmergy on the radius R in the central SMD region
(75<R<160) cm. We can see that for R > 160 cm deposited energy practically does not
depend on the distance R. The data for the central SMD region were used for the fitting
procedure and the fitted function was of the form AE=a+ b - R. The results of the fit were
used to determine the width of the inner ring strips, taking into account that the widths of
outer strips are equal to AR=12 mm. The total number of ring strips defined in such
manner is 190. The total width of the central ring strip is 4 mm.

The next step was a determination of a number of strips in the azimuthal direction and,
as a result, we have practically defined the pad structure of the SMD layer. In Fig.5 is
shown the energy deposited in the central 6 cm width ring of SMD vs. azimuthal angle for
6°, 3° and 1° per bin for the central AuAu collision. The width of 6 cm corresponds to the
full width at 1/10 th of maximum height of the shower transverse profile. The 1° azimuthal
angle bin corresponds to the geometrical size of ~13 mm in the central part of SMD and
using these pads we can clearly identify the single shower. Referring to Fig.5a and Fig.5b
one sees that all showers are separated with the 3° azimuthal angle widths pads. Finally, the
proposed pad structure of the first SMD plane givcs us the possibility of separating showers
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Fig.1. The pseudorapidity distribution of y¥'s and charged hadrons in pp, pAu and AuAu collisions at
200 GeV/nucelon

in the central SMD region using the information about two coordinates (R and @). But we
would like to point out that for separating the showers in the outer part of the SMD the
information about ¢ coordinate from the second plane (wires or strip with 10 mm step, for
example) is needed.
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2.2 no/y Separation. We have, also, carried out a study of the separation of shower

coming from single ¥ from those coming from a 0 decay. In our calculation we considered
a SMD with only one sensitive plane with the pad structure, described above. We used a
procedure similar to the method, described in [3]. Three variables were used to find a

coefficient of ©° rejection for 90% ¥y acceptance:
— E — the energy deposited by the shower;
— r — the energy weighted shower radius;

— EF* — the energy dispersion of the shower.
The energy weighted centre of the shower is calculated as follows:

X =3x/3E,

where E, is the energy deposited in the ith pad and X, is the position coordinate of the ith
pad in the pad units. The energy weighted shower radius, r, is calculated as:

r=2DE/XE;,

where D = |Xc— Xil is the distance of the ith pad from the calculated centre of the shower.

The energy dispersion of the shower is calculated as:

Erf=Y EDZ.
i

Figure 6 shows the scatter plot of the energy dispersion Er? vs. the wighted shower radius r

for 100 showers initiated by 15 GeV ¥'s and 7%'s in the middle part of the SMD ( rapidity
N = 1.5). The energy summation was taken over 15 pads in radial and 10 in azimuthal
directions from calculated centre of the shower. The marked area in Fig.6a contains 90%

of the single y showers. In the scatter plot for 7° initiated showers the area of 90% single
Y efficiency is marked. The showers within this area are classified as showers initiated by

Y's, while all showers outside this area — as n° initiated showers. The ° rejection
efficiency is given by the percentage of ¥ initiated showers which are outside this area. In

this case we have obtaned the 7° rejection efficiency of 63%. The results of the similar
calculations for the SMD with two sensitive plans consisted of | cm width scintillator strips
are shown in Fig.7. The value of the n° rejection efficiency is 60% in this case. It is seen,
that for the SMD with only one pad-type sensitive plane we get practically the same no/y
separation as for the SMD with two strip-type planes.

The future investigations are needed in this direction. In our opinion the information
about the ¢ cooridnate from second SMD plane will significantly improve the efficiency of
no/y separation.
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Fig.6. The scatter plot of sample of 15 GeV ¥ initiated showers as a function of the encrgy
dispersion Er® and the weighted shower radius r for the SMD with one pad sensitive layer
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3. Conceptual Design

Following by the Monte Carlo calculation results we proposed to use as an option of
SMD a thin multiwire gas chamber with analog readout of anode wires and of cathode pads
to measure the position of EM showers. The analog readout is sensitive to the density of
particles inside the shower, thus providing a localization of the shower core by a simple
determination of the weighted centre in a cluster of signals. We adopt OPAL [4] and CDF
(5] groups methods in our proposal. The thin multiwire gas chambers, operating in a
satured mode, were used for electromagnetic presumpling in the endcaps of OPAL detector
at LEP [4]. At Fermilab for the Collider Detector Facility the shower counter strip chambers

were used operating with the gain of 10% {5).

The ' v p2~aed SMD multiwi: gas chamber will be CDF or OPAL-lype chamber with
pad structure <31 «.utivode as followed from MC simulations.

3.1. Description of Detector. Space and timing restrictions are the major concern for
detector design. It is proposed that the SMD will be inserted into 25 mm gap into the
endcap EMC at the depth of 57X It will consist of 12 trapezoidal sectors each of which

covers 30° azimuthal angle. The geometrical dimensions are given in Fig.8. A schematic
view of the cross section of two chambers is shown in Fig.9 and Fig.10.

In the OPAL-type chamber (Fig.9) the anode wire plane consists of 637 gold coated
tungsten W-Re wires of 30 pm diameter rounded on the supporting frame with space step
of 2 mm in the direction along the sector axes line. Groups of five wires are then ORed.
The wires strung with a tension of about 80 + 100 g. Long wires are supported every 60 cm
by spacers to avoid sagging and to provide a mechanical strength for the chamber itself. The
dead space loss due to this support is less than one per cent.

The CDF-type chamber (Fig.10)
has a ribbed construction. Aluminum
ribs profile will be producted using
the extrusious technology. The anode L
wires are placed at the centre of cells ;“

. CATHOD
with the step of I cm by means of )
special  supporting  plates. The =t
individual anode wire is connected to \ X T

171lcm

high voltage by 1 MQ resistor and

readout  through  capacity  of 2
200 + 400 pF. 3

?\— D
=
The cathode planes of chambers \

are 1.5 mm thin G10 sheets of whose

internal faces (forward wires) copper Fig.8. Layout and dimensions of the SMD muliiwire gas
pads are formed by chemical etching. chamber
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Following by the results of MC calculations it follows that there are 190 bins in radial and
10 bins in azimuthal directions, total — 1900 pads. The size of the pads decreases going
towards the beam axes to resolve ambiguites due to increasing multiplicity. The cathode
plane is placed at the distance of 3 mm from the anode wire plane.

The full cathode plane consists of a few pieces. These pieces are glued in turn to the face
of G10 sheet to obtain the full cathode plane of the SMD sector. This cathode plane is glued
to the ribs aluminum plate (CDF-type chamber) or pressed to the supporting frame
(OPAL-type chamber). The outer face of cathode is used for readout electronics
components. The gas mixture argon — DME or argon — CO, will be used.

3.2. Readout Electronics. The two space coordinates are provided by the simultaneous
readout of wires pads. This results in a total 2027 electronic channels per sector and 24324
channels for full endcap SMD. All channels have multiplexing analog readout. The front
end electronics is directly mounted onto the outer face of the cathode plane. A shielded
TWP cable is used to transport the signals to the rear end. At the rear end additional
multiplexing will be obtained in the ADC module. 12 bit charge sensitive ADC will be
enough to cover a dynamic range from minimum ionizing particles up to showers.

4, Conclusion

Our Monte Carlo calculation results show that the Shower Maximum Detector with pad
structure of sensitive layer has more suitable properties than the corresponding strip type
especially in the case of investigation of the EM showers in the AuAu collision. Good

position resolution and no/'y shower separation are realized even with only one sensitive
SMD layer used. The estimates indicate that it is possible to build the SMD as a pad
multiwire chamber which will have an acceptable cost.
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OIIPEJIEJEHHUE PASMEPOB OBJIACTH HCITYCKAHHUS MIHOHOB
B np-B3AMMOIENACTBUAX IIPH P, = (5,2 +0,16) ['3B/c

C IIOMOIIIBIO METOJA HHTEP®EPEHIIMOHHBIX
KOPPEJSAILIMI TOXXJIECTBEHHbBIX YA CTHL]

B.JLJTro6owuy, B.H.lleuenos, E.B.Ilnexanos, I M.H.Ilodz20peykuil ],
I0.A.Tpoan, A.FO.Tpoan
O6vedunennntii uncmumym adepustx ucciedosanuii, Jyona

B.H.Ilenes, A.H.Ilxjiosckasn
Hucmumym sdepuvix uccnedoganuit u adepuoii s3nepzemuxu bAH, Cogus

C.I'Apakenan
Dusuueckusi uncmumym um.Il.H.Jle6edeca PAH, Mockea

Ha ocnose MCTONA HHTEP(hEPCHIHOHHBIX KOPPesslHil TOXAECTBEHHBIX YaCTHIL ONIPEACTICHb
pasMepsl 0BnacTH HMCRYCKaHHs NHOHOB B np-B3aHMONCHCTBHAX NpH MMmynbce HeitTpona
P =(52+0,16) TaB/c. ITpu anannse Hcronwiosaics IKCNCPHMEHTANLHBII MaTepuan, colep-

Kauuit 48570 nap TOXIECTBEHHBLIX [MHOHOB H3 S-JY4CBbIX 3BE3l, KOTOPLIit ObUl MosyyeH npu
oGnyuenuu 1-meTpoBoii Bogopoanoit Kamepst JIBD myukom KBa3uMOHOXpOMaTHYECKHX HEHTpO-
nos. B napametpusaunn  TonbaxabGepa adibexTBHBIT pamuyc oKkasaics  PaBHbIM
R=(1,30£0,16) dm. Mpu o6paboTke ncnonvzosanuce aBa THNA GoHOB: KoMOHHALMH HETOX-
AECTBEHHLIX 11aP & T 1 ¢holl, NOCTPOCHIbI C NOHOILIO MPELIOKCHHOMO HaMi criocoba nepe-
MCUINBaHHA C MHHHMATBHLIM HapYWICHHEM KHHCMaTHYCCKHX Koppenaunii. B oGoux cnyyasx
NONYYILTHC COBIANAOUIME PEIYNBTATH.
Pa6ota suinonicta B JlaGoparopi BeICOKHX aHepritii OUSIH.

Determination of the Sizes of the Pion Emission Region
in np-Interactions at Py, = (5.2 %+ 0.16) GeV/c Using
the Interference Correlation Method for Identical Particles

V.L.Lyuboshitz et al.

The sizes of the pion einission region in np-interactions at P, =(5.2+0.16) GeV/c were

determined by means of the method of the identical particle interference correlations. The
experimental material involving 48570 pairs of identical pions from S-prong stars, which was
obtained at the irradiation of Im hydrogen chamber of LHE (JINR) by the beam of quasi-
monochromatic neutrons, has been used for the analysis. The effective radius for Goldhaber’s
parametrization is R=(1.30£0.16) fm. In processing we have used two types of the
background: the combinations of non-identical pion pairs (x'n) and the backgroud
constructed by means of our method of mixing with «the minimal violation of kinematical
correlations». In both the cases the identical results were obtained.
The investigation has been performed at the Laboratory of High Energies, JINR.
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1. BeeneHue

Mepsan craThg 06 uHTEpepeHLIMH TOXNECTBEHHBIX MHOHOB B PAMKaX CTaTMCTHYCCKO#M
moaenn Gbina onybnukosana IlonbaxaGepom u ap. B 1960 r. [1]. Metor onpeneneuns
pasmMepos 0OnacTH UCMYCKaHWA MHOHOB, OCHOBAHHBIA HA UCCneoBaHMu  UHTepde-
PEHUHMOHHBIX KOpPpensuMil TOXIECTBEHHBX 4acTHU M TMONYYMBIUMH B MociedHde oAbl
IWIKpOKoe pacnipocTpaHeHue, 6uin paspaboran [.H.Konsnossim u M.H.TTorropeukum [2,3]
M 3aTeM pa3BHT B pane pabot (cMm., Hanpumep, [4—38]).

IMpobnemMe onpenefaeHHs NpOCTPAHCTBEHHO-BPEMEHHBIX NapaMeTpoB 00aacTH MHOXECT-
BEHHON IeHepalHy YacTHil NOCBAILEHO OrPOMHOE YMCIO 3KcrnepuMenToB (cM. 063opsr [9—
12]). BONbWIKMHCTBO M3 HHX BBITOAHEHO B ANpPOH-AAEPHBLIX H SAPO-ANEpIBIX B3aUMO-
neiicteusx. HMccnenoBaHHi, OTHOCAIMXCA K B3aUMOAEHCTBHIO 3JIEMEHTAPHLIX 4acTHLl B
obnactu anepruil B Heckonbko 3B, cpaBHHTENLHO HEMHOID.

Mpennaraemas pabota — nepBasi, rae nposegeHa OLieHKa pasMepoB obnacti ucny-
CKaHHs NMHOHOB B Np-B3aHMOJEHCTBHAX. '

2. Martepuan

Ml npeacTaBiasieM AaHHble ¢ 1-MeTpoBOH BONOpPOAHOH ny3bipbkoBOH Kamepbt JIBD
OUAU. o6nyuennoit ny4koM KBa3HMOHOXPOMATHYECKMX HEHTPOHOB C HMMIY/ILCOM
= = = . ~ 107
P =52 T'eB/c (AP, /P =3%). YrnoBoit p3bpoc nyuka HMuTOXHO Mam: AQ=10"" cp.
Cpennss TO4UHOCTb HM3MEPEHMA HMMYNLCOB TpekoB B kamepe AP/P=1%, ymos —

AO® =20'. Takue YC/IOBHS 3KCTEDHMEHTa [AIOT BO3MOXHOCTb BBIIENMT W W3ydaTh B YC-
JIOBUSX 4T-reoMeTPHH OTACNbHbIE KaHANb peakuuit np-3aumoneHcTanii [13].

CraTucTHYECKHH MaTepuan cOmepXuT 32 ThiC. 5-ay4eBbIX 38€3, B KOTOPBIX Bbige/elibl

. + o~ - - - - -~
KaHansl peakumit np = ppU N X . np o pp W N 70, npo pn TN uonp o wX.
Mpumech oaHOro KaHana B APYroM He nperbimaet S%. B pe3ynsTare nonyueHo ang ananisa

- - +_+ -
48570 nap MM - M TR -ME30HOB W 79435 nap m'n”. OTMeTHM, uTO B HAWHX peakuuax
oTcyrcTByeT KOMOHHATOPHEI (DOH /1% Nap TOXAECTBEHHBIX MHOHOB.

3. MeTtoauka

Hntepdepenunontple XOPpENsUHH HCCNEAYIOTCS MyTEM H3yueHWs H3MeHeHHs OTlio-
WEHKS YNCNA TOXKIECTBEHHBIX Nap K (boHOBLIM MapaM B 3aBUCHMOCTH OT HEKOTOpOTO Napa-
MeTpa.

B uubonee mnpoctoii napameTpuzaumu [onpaxabepa 970  oTHOwleHME  HMeeT
PENATHBUCTCKM-MHBAPHaHTHYIO DOpMY:
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2.2
S@) =11+ P €)1 +00?), M

rie Q2=—(PI—P2)2=Min-4mi. 3necy P, P, — A-HMNYILCHI MHOHOB; MHOXHTENb

(1 +0Q%) BBenelt I KOMMNEHCAWHH BO3MOKHOTO OTKIOHEHHS OTHOLIEHHS HHCIA nap or
ennunubl 8 obnacty eve ahdexta H3-3a Hecosepuwenctsa oHa.

U3 camoii cTpykTypsl chopmynsl (1) scno, 4TO npu U3ydeHHH Koppesuuil sormpoc Ha-
XOXKAeHHA aneKsaTHoro d)oHa HMeeT nepsocTeneHtoe 3uavenne. B GonpuioM uncne paGor B
KayecTse (poHa HCNOAb3yeTCsl pacnpeneseiie nap HETOXIECTBEHILIX HYACTHI — TaK HA3bl-
BaeMblil «CTaHmapTiLii» ¢on. OueBnano, uTo Takoii ol MOXKET HMETh CBOH RHHAMHYECKHE
KOppenslHi, OTJIHUNbE OT AHHAMHYECKHX KOpPeNalHii TOXKAECTBEHHbIX YacTHL, [ToaTomy,
B JIOIOJIIEIHE K «CTalgapTiioMy» (hotly, HCIosb3yercs (oH, NonydeHHbiil nepeMelnHBauiieM
uacTHU N3 pasublX COGLITHII Ml crelepHpoBaliblii Ha OCHOBE pealbHBIX coObiTHit ¢
NpHBJIEYEIIHEM PAIIHUNBIX MOJENeii B3auMoneiicTaus.

Mpu koncrpyuposauin (olra Mbl HCXOAHM H3 TpeGoEBailis, uTo6bl OTHOLIEHHEe Yncna
TOXAECTBEHHbIX nap K uinciy ¢onosbix 6bu10 GMH3KO K enHHLE BO BCEil paccMapuBae-

MOii ofnacTi H3MeHeluns Q2 Biie obnactu addekra. C 37Ol LEAbIO HAMH CKOHCT-
pynposait ¢o11 «fepeMelliiBaliie ¢ MUHHMaNbIILIM HapymeiteM KMHEMATHYECKHUX Koppe-
JISLHIT», CYTb KOTOpPOrO 3aK/I0UaeTcs B TOM, UTO B COGBHITHHM COXPAHAIOTCA WUMITYNLCHI
ofoux Me30110B, a yros Mexny Humi Gepercs cnyuaiinsiM 06pa3oM M3 Apyroro coGuiTHs.
Bes npouenypa npoussoautcs B obuweii cucteMe ueHTpa Macc peakuuu. [lepe-
MeIWHBAaHHE MPOU3BENEIIO OTACNbIIO M KaXOOH U3 BhiiGNeHHBIX PEAKLMIl, H pe3ynbTaThl
CHOKeHDI.

Ha puc.1 nokasaio, ans cpasnenns, otnowenie C, Ans Nap TOXKNECTBEHHbIX MHOHOB

(TR cinoxkenst ¢ TIY) 1 ONOBLIX Map WA CAYuAs «HEPEMELIHBAHMA C MHHUMANbHBIM
HapylieneM KiHeMaTHUeCKHX KoppensuHlii» (Cruiownas JHHUA) H s oOblYHoro nepe-
MewBanus (MyHKTHPHAs JIMIINA) C NOJHBIM pa3pywienen KHIIeMaTHUeCKUX Koppensauuii
(» 2TOM METORE Bce XapaKTepHCTUKH 1epBoro nioma Gepyrcs M3 ofHOro cobbiTHs, a
BTOpOro — u3 jpyroro). Buuno, uro nonuoe nepeMewBaiue AaeT CAOKIIOE noseneliie

¢holia, UTO 3aTPyAHSET ero IKCTpanonasuuio B obnacts ahdekTa (Q2 < 0,05 (FaB/cz)z).

B TO )e BpEMA OTHOLUEHHE YNCaa nap 7I+7t— K yHChy nap H3 QJoua «lepemelInBailig
C MHITHMQJIBHBIM l1apylienieM KHIEMATHUECKHX KOppeJlﬂl.lHi“l» Be3le (3a HCKJIIO4eHeM nep-

BbIX NECKOJIBKIX HHTEPBANOB MO Q2 — paiion Q2 < 0,004 (I‘aB/cz)z) — 6nu3ko k 1. ITosTo-

w “ + -
My B HaJIbHEHIUEM Mbl HCNOJIL30BAIH «CTaHNAPTHLIN» (I)OH N H d’)Oll «nepeMeniHBanusa ¢
MIHHMQIBIIBIM HApyelReM KHHEMAaTHUECKUX Koppcnﬂuuii».

Paspewienne no Q2 B obnacti apekra \'sz =0,0025 (r‘:’)B/cz)2 31HAUHUTESIBHO Menblle

WHPHIL HTepdiepeuHoNIIOro NHKA W He BIMSET Ha pe3ynbTaThl aifipoKCHMauum,
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1.3

1.25}
1.2
1.15
1.1

¢5'1.05

0.95
0.9

0.85F

0.8———

Puc.1. C, — oTHoeHHe YHC1A Nap TOXAECTBEHHBIX MHOHOB K YHCNY (HOHOBBIX Nap: Crnoll-

Has MHHNR — OH «MepeMeIHBalHE ¢ MHHEMANBHLIM HADPYIIEHHEM KHHEMAaTHUECKHX KOp-
PCNAUMit», MYHKTHPHAR —— (IOH «NEepeMelliHBaHHE C TOHBIM HapyllleHHEM KHHEMATHYECKHX
KOppensauui»

4. Pe3yapTathl

Tpu annpoxcumauuu no dopmyne (1) ucnonviosanacs nporpaMmMa MINUIT. Hlar no-
CTPOEHHS TUCTOTpaMMb! NpH annpoKcuMauuu 6pu1 BhiGpan pasHeiM 0,001 (l":—)B/cz)2 (300
OutoB). PesynsraTel He MeHAOTCR, B npefenax owHnGOK, NPH HCKIIOMEHHH HECKOMILKHX Mep-
Bbix 6MHOB, [lapamerp HaknoHa ¢onosoit kpusoil G B dopMyne (1) okasancs He3HAUYHMbBIM
ans ofoux Thnos ¢honos. Ha put.2 mpueeseHo pacnpeneneHue C, (cymma Bcex KaHanos

peakuuii} ans wara nocrpoenus 0,0075 (I :-)B/c2)2 BMeCTe C annpoKCHMHpYIOLLEH KPHBOH B
chyyae (OHA «MEpPEMELIHBAHHA C MUHHMANbHLIM HapYWIEHHEM KMHEMaTU4YecKHX Koppe-
NAUHi».

B tabn.1 npusenensi pesynsrarel 06paboTky ¢ asyMs BHmaMu GoHOB.



Jlobowuy BJ1. u dp. Onpedenenue pr~" 908 obaacmu 113

1.4

1.3

1.2

LI I LI

S
1.1_— .
f_ ﬁ i T L |
| T T
0.9F 1[
(5‘ - (l)IOé . 10111 ' I—IO.I‘IE';Jkl l0{2l ' g(l).|2514. l0.3

Q? (T'eB/c?)*

Pisc.2. C, — oTiowWICHIC Yitc/a Nap TOXKIESCTBCHHLIX NMHOHOB K YHC/Y Nap NHOHOB, NOAYyuCH-
HLIX MCTOAOM «MNCPCMCLUHBAHHA C MHHHMQUIBHBIM HApYLICHHCM KHHCMaTHYeCKHX Koppe-
aauuii». CnnouiHas KpHBas — annpoKCHMHpYIowas pyHKUHA S(QZ)

Tabanua

2 D .

B, qJM X xl Dx:
N,,/N ‘s 1,27 £0,16 0,37 +0,05 0,97 £0,08 1,44 £ 0,06

T fepem. KR
N,,/N,. 1,32+£0,16 0,44 £0,07 0,98 £0,08 1,24 + 0,06
TR nr
B uepsoit Kosolike yKasall BHA HCIIONB3yeMOro OTIHOLUIEHHS, BO BTOPOH — pamnyc

06nacTi HciycKaHus NHOHOB, B TPETbeil — napamerp A, B YeTBEPTOIH — ilz onucauus a

oy crenenb cBobonbl, B NATOH — KOpeHp KBAUpaTHbIH U3 OHCNEpPCHH xz-pacnpeueneunﬂ.
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5. O6cyxnenne pe3ynbTaTos

[TpencrasneHHsle pe3ynbTaThl — MEPBHE U3 TeX, KOTOPbIE MBI NpeanonaraeM ony6nuko-
BaTh B psge pabor. JlanHas paborta BeimonHeHa B MHK/IIO3MBHOM nogxone. [anpHejimii
aHanu3 Gyer KacaThcd, B MEPBYI0 OYEpenb, RIUAHHA PAa3HOrO poa pe3oHaHCHHIX addexToB
B ofcyxnaembix peakuusix. B pabote [14] Mbt coobmany o HaGnoOEHHH Y3KUX ManoMacco-

- 4 -
BBIX PE30HAHCOB B CHCTeMe T X H T 7 . [Ipi 3TOM 6bLTO OTMEUEHO COBNAneHuUe, B npeaenax
OLIHOO0K, NONOXKEHHIT HX LEHTPaIBHLIX 3Ha4eHuil Macc. [IpeaBapHTENbHbI YUeT BOIMOXHBIX

pe30HaHCOB B CHCTeMe T & NpH Maccax =310, 340, 380 MsB/c? NPHBOIUT K BO3PACTaHHIO
panHyca HcmyckaHus T-Me30HOB MpHMEpPHO Ha 15%, 4TO HaxooMTCAa B npemenax OwHOOK
u3Mepenuii. DtoT achbekT cnabee CKa3LIBASTCR NP HCMONB3OBAHHH «CTAHAAPTHOrO» (HOHA.

Bynet yureHo Takxe BAHAHHE H300ap M pyruX PEe30OHAHCOB B H3y4aeMbIX HaMH 3KC-
JIIO3HBHBIX peakuHusx.

Asropsi Onaronapar goxtopos ¢.-M. Hayk A.U.Manaxosa u X.M.YepHesa 3a nomoms B
NPOBENEHHH HCCAENOBAHHH, @ TaKXe COTPyRHHKOB otaeia B.U.Moposa 1 naGopanros rpyn-
nel KO.A.Tposna 32 noMoiub B NOAYYEHHH H nepeuyHoil 06paboTke 3KCMEPUMEHTAILHOTO
marepuana,

Pa6ora BeinonHeHa Npu noaaepxke MaxnynapoaHoro Hayusoro cotnaa u [1pasutensct-
Ba Poccuu (rpantsl NKAOOO n NKA300).
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ON THE DETERMINATION OF INELASTISITY
OF NUCLEUS-NUCLEUS COLLISIONS
IN THE CMS EXPERIMENT

P.I.Zarubin, N.V.Slavin

With the aid of the HIJING generator there have been explored various options of event
inclastisity characterization of nucleus-nucleus collisions in the CMS experiment at a 5-A TeV
collision energy. The inelasticity estimation by the y-quantum fraction of the total transverse
energy in the very forward direction appears to be the most optimal one. Therefore, it is
proposed to supplement the CMS very forward directions with electromagnetic calorimeters
intended for heavy ion studies.

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

OO omnpenenieHlH HEYNPYrOCTH AXPO-SAePHBIX CTOIKHOBEHHIT
B 3KcnepuMente CMS

I1.H.3apybun, H.B.Chagun

C nosoutsto rercparopa HIJING uccncposaniich painiylble BO3MOXHOCTH NS OLEHKI
HEYIPYIOCTH ARPO-#ACPHLIX CTORKHOBCHMIT NpH 3Hepmiy cTonkiosenng S*A TaB. Ouenka ne-
YNpYrocTH {10 KOMMOHCHTC raMMa-KBaHTOB B HANPABICHHAX MalblX YIIOB NPeacTamiIscTcs
nanGonee onTHmanskoii, IToatoMy npemiaracTcs AONONHHTL 3TH HANMPARICHHS B IKCNEPHMEHTE
CMS 21eKTPOMAIHHTHLIMH KAIOPHMETPAMH, NPCAHA3HAYCHHBIMK V1S HCCNICIOBAHMIT ¢ TAXe-
JIBIMI HOHAMM.

PaGota suinonnena v JlaGopatopun Bricokux ancpriii OUSH.

The analysis of an optimal application of the CMS experiment for high luminosity
nuclear physics studies at the LHC has led to a suggestion of using beams of moderate
charge nuclei (Z<40) [1]. This means that an adequate luminosity level is provided to
make feasible hard QCD studies in nuclear matter with observation of intermediate vector
bosons, direct photons and jets {2,3,4].

In order to explore new dynamic effects in nucleus-nucleus collisions, the basic QCD
process measurements in the CMS detector should be supplemented with simultaneous
measurements of reaction inelasticity [5]. Therefore, it is necessary to identify appropriate
CMS observables allowing to solve this problem in a practical way.

A distinctive feature of the CMS spectrometry is an optimization for observation of
hard processes in proton-proton collisions. Such an approach has led to a choice of a strong
magnetic field in the solenoid suppressing soft charged hadron component. As a
consequence, this creates a problem for inelastisity characterization in nucleus-nucleus
collision due to an effective reduction of the charged hadron contribution in the event total
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Table 1. The PYTHIA cross-section (mb)
of basic subprocesses of proton-proton
interactions at 5 TeV. (f, ', f — fermions,

g — gluons)
Subprocess Cross-section
(mb)

TOTAL 86.0
f+f =+ (QCD) 19
f+fog+g 0.1
f+g—of+g 15.6
g+g ->f+f 0.5
g+g—g+tg 28.2
Elastic scattering 18.1
Single diffraction (XB) 6.7
Single diffraction (AX) 6.7
DoulllE_(!_i[frnclior_]“*’__m 83

Table 2a. The multiplicity distribution (%).
HIJING, central Ca—Ca, 5-A TeV, 4T

B F VF UF

Y's 0.9 5.6 41.5 19.2

Hadrons | 0.0 0.1 6.8 259
Table 2b. Energy distributien (%).

HIJING, central Ca—Ca, 5.A TeV, 4T

B F VF UF
Ys 0.0 03 6.1 27.7
Hadrons 0.0 0.0 39 61.9

Table 2¢. Transverse energy distribution (%).
HIJING, central Ca—Ca, 5-A TeV, 4Y

\

B F VF Ur
Y's 3.0 7.7 321 12.2
Hadrons 0.0 0.5 14.5 30.1
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transverse energy measured with the aid of
calorimetry. Apriori, an inelasticity estimate
based on ¥'s flux measurements seems to be
more preferable.

To choose an optimal solution we have
applied the widely used generator HIJING
[6] for simulation of nucleus-nucleus col-
lisions at a total energy of 5-A TeV. In the
case of hard processes all resolved parton-
parton scattering processes were included to-
gether with the initial and final state parton
emission [7,8]. The following effects were
included: multiple minijet production, nuc-
lear shadowing of parton distribution func-
tions and jet quenching [9] relating assumed
parton energy losses with the colour scree-
ning length. The Glauber formalism was
used for multiple production calculations.
The nucleon density distribution was
accepted in correspondance with the Woods-
Saxon potential. To illustrate the importance
of various subprocesses in the total proton-
proton cross-section their contributions are
given in Table 1.

Simulation was peformed for central
collisions (zero impact parameter) of C—C
(50 events), Ca—Ca (10 events), Nb—Nb (5§
events) and Pb—Pb (2 events). The main
single particle parameters for various
generated pairs of nuclei were found to be
similar. To illustrate the data we used here
mainly Ca—Ca results as typical ones.

Thus, a practical way of the event char-
acterization in the CMS consists in the
measurement of the total transverse energy
per event, E. which is an electromagnetic

and hadron calorimetry based parameter,
Our simulation has shown that an influence
of the solenoid magnetic field (4T) on char-
ged hadrons leads up to a 30% drop in E...

The CMS detector is divided by
pscudorapidity on three major parts: barrel
(lnl < 1.6), forward (1.6< |n| <3), and
very forward (3 < IT] < 5), and an uncove-
red region — ultra forward (5 < In 1). In our
analysis we have applied y's energy cut
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equal to 2 GeV and hadron one equal
to 20 GeV, i.e., below lower limits of
the CMS resolution curves for single
particles. The gamna cut was chosen
well beyond minimal ionizing particle
signal. Both cuts do not seriously
affect our conclusions. Tables 2a, b,
and ¢ show relative fractions of multi-
plicity, energy and transverse energy
accepted by these parts. They enable
us to make a conclusion about a cru-
cial role of a very forward calori-
metry for inelasticity measurements.

Figure | shows y and hadron
pseudorapidiry  distributions.  The
pseudorapidity value corresponding to
the distribution maximum for -
quantum is equal to 4.3 (c=1.3), i.e,,
most part of this distribution can be
covered within the very forward calo-
rimeter acceptance. For hadron com-
ponents this value is equal to 5.6
(c=1.1).

The single gamma energy distri-
bution for VF is shown in Fig.2. The
mean energy and the mean transverse
energy values with r.m.s. are presen-
ted in Table 3 for three major pseudo-
rapidity regions. 1t can be noted that a
moderate value of the VF gamma
mean energy is significantly below of
an operation region of presently pro-
posed very forward calorimeter.
Thus, in order to provide reliable
inelasticity measurements of nucleus-
nucleus collisions it appears to be ne-
cessary to include in the CMS facility
a very forward electromagnetic calo-
rimeter with suitable resolution star-
ting from few GeV.

The multiplicity mean value for
various pairs of colliding nuclei
(Table 4) grows approximately
linearly. Taking into account that the
value of transverse energy per ¥-
quantum is practically the same in all
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Fig.l. The effective pseudorapidity distribution of ¥-
guanta (upper histogram) and hadrons (lower histogram)
produced in two central Pb—Pb collisions at 5.-A TeV.
The influence of the 4T magnetic field on charged
hadrons is included. Energy cuts are mentioned in the text
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Fig.2. The y-quantum energy distribution (GeV) in two
central Pb—Pb collisions at 5-A TeV: VF — upper, F —
middle, B — lower histogram, respectively. The energy
cut is mentioned in the text
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Table 3. Energy and transverse energy Table 4. Energy and transverse energy distribution
distribution parameters (GEV) for ¥'s parameters (GEV) for ¥'s HLJING, central Ca—Ca,
HIJING, central Ca—Ca, 5-A TeV, 4T 5.A TeV, 4T

B 6 ) G p—p Ca—Ca Pb—Pb

N | oy | M| oy | M| oy
B |02 (077|249 58 | 87 | —
F | 1.5 | 1.6 |1549)| 269 | 657 | 14
VF | 170 | 80 (1139.4] 1489 | 5261 | 434
UF | 178 | 130 | 02 | 04 UF | 140 | 6.1 [5283] 37.2 | 2646 | 51

B 3.1 20 1.5 1.0
F 38 25 0.6 0.4
VF 85 8.0 0.3 0.3

the cases we are led to a linear dependence of the total E..in VF on the number of colliding

nucleons.
It is imporant to mention that it is not possible to isolate single gammas from central

collision on a 300 dm? area of the VF calorimeter (a shower covers of the order | dm2).
As a future step it is necessary to justify an opportunity to measure a total transverse energy
by a simple summation of calorimeter cells with reasonable segmentation.

To summarize, we have carried out a simulation study aimed at a practical definition
of inelasticity of nucleus-nucleus collisions in the CMS experiment case. Our major
conclusion is the following: in order to have the best estimate of an event total transverse
energy the CMS very forward directions should be supplemented with an electromagnetic
calorimetry intended for heavy ion studies.

We are very grateful to our Dubna, Moscow and Sofia collaborators in the CMS
experiment for stimulating and fruitful discussions, especially to Profs. L.I.Sarycheva,
[.A.Golutvin, V.N.Penev, and Drs.A.l.Malakhov, V.V.Uzhinsky.
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