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THE DELPHI EXPERIMENT AT LEP

G.D.Alexeev, D.Yu.Bardin, M.S.Bilenky, I.R.Boyko, G.A.Chelkov,
L.V.Kalinovskaia, B.A.Khomenko, N.N.Khovanski, O.M.Kouznetsov,
Z.V.Krumstein, V.L.Malyshev, M.Yu.Nikolenko, A.G.Olchevski*,
V.N.Pozdniakov, N.E.Pukhaeva, A.B.Sadovsky, Y.V.Sedykh,
A.N.Sissakian, 0.G.Smirnova, L.G.Tkatchev, 1.A.Tyapkin,
L.S.Vertogradov, A.S.Vodopyanov, N.I.Zimin, A.L.Zintchenko

This paper summarizes the current status of the DELPHI experiment, which is
operating at the Large Electron Positron (LEP) Coilider at CERN. The results from
running at the energies around the Z resonance (LEP1) are based on the full available
data, while the results obtained at higher energies (LEP2) are based on the data collected
up to 1998. The analysis of the data collected at highest centre-of-mass energies (above
200 GeV) is still in progress and new results are expected. In this paper we present
briefly some of the most important DELPHI results paying a special attention to the
contribution of JINR group to the detector construction and data analysis.

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

Okcneprment DELPHI na LEP

I'' J1.Anexcees u op.

B nacrosumeil pabote obcyxnarTcs pe3ylsTaThl, NolydeHHble Ha ycraHoske DELPHI,
KoTopas paboraeT Ha 6OBLUOM 31eKTPOH-no3uTporHOM Kosutadnepe (LEP) 8 HEPH. Hna
onpegeneHus GUIHIECKUX MapaMeTpOB NpH 3HEPruM B obnactu Z-pesoxadca (LEP1) uc-
NOJIb30BANCA BECh MMEIOIIMIICA B pacnopsXeHHH koyutabopauud HaGop AaHHbIX, TOrAa
KaK onpejeNeHue 3THX rapamerpos npu Gomsmux sneprusx (LEP2) onupaerca na naH-
Hele, OJTyYeHHbie NPy emle GonbLMx 3HaueHus X sHepruu (6onee 200 [B), Ha HX ocHOBe
TIpEennonaraeTcs NOJY4HTh HOBBIE HHTEPECHBIE pe3ynbTaTel. B maHHO#H pabote B xpaTkoi
cdopMe npencrarneHsl TOJLKO HEKOTOphle Haubonee BaXHble pe3yibTaThl 3KCNEPHMEHTa
DELPH], npu 3ToM ocofoe BHHMaHHe YAENIeTcs BKIany NyOHEHCKO# Ipynmnsl B CO30aHue
JETeKTOpa H aHanu3 NaHHbIX.

PaBoTa semonteHa 8 JlaGoparopun snepHbix npotnem OWAN.

*Leader from JINR



6 Alexeev G.D. et al. The DELPHI Experiment at LEP

INTRODUCTION

DELPHI is a general-purpose detector (Fig. 1) for physics at LEP on and above the Z°,
offering three-dimensional information on track curvature and particle energy deposition with
fine spatial granularity as well as identification of leptons and hadrons over most of the solid
angle. Detailed description of the detector and its performance can be found elsewhere [1].

Forward Chamber A Barrel Muon Chambers

Forward RICH Barrel Hadron Calorimeter
Forward Chamber B / Scintillators
Forward EM Calorimeter A 4 Superconducting Coil
Forward Hadron Calorimeler ] igh Densily Projection Chamber

Quter Detector

Barrel RICH

Smali Angle Tile Calorimeter
Quadrupole

\}’5w Small Angle Tagger

\gcam Pipe

Vertex Detector
JInner Deector

DELPHI

Time Projection Chamber

Fig. 1. The DELPHI detector at LEP

Since the startup of LEP in 1989, the luminosity of the collider was constantly increased
from year to year so that the design parameters of the machine were exceeded. LEP has been
operating at the energies around the Z resonance up to the year 1995 inclusively and, by
that time, the DELPHI experiment collected statistics of about 4.5-10° Z-boson decays. This
large statistics and high quality of the data allowed DELPHI to obtain a number of important
results in electroweak theory, QCD, searches for new particles, b-quark physics and many
others.

Since 1995 LEP is gradually increasing its energy and in 1998 about 200 pb~! of
integrated luminosity were delivered at 189 GeV, the energy, that is well above the threshold of
W -pair production. In total, by the year 2000, LEP will provide about 500 pb~! of integrated
luminosity at the energies close to 200 GeV. This is giving new excellent possibilities in
searching for new particles (in particular Higgs boson) and continuing the tests of electroweak
theory, QCD, two-photon and other physics at a new level of precision.

One of the well known distinguished LEP results is the precise measurement of the Z-
boson mass and total width, which became possible due to very precise calibration of the
collision energy, high luminosity of the collider and excellent performance of detectors. With
the LEP data, it became possible to obtain the information related to Z decays into invisible
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channels and to measure the number of light neutrino species: N, = 2.994 + 0.011. For the
first time the presence of electroweak fermionic and bosonic corrections has been proven [2].
The new level of confidence in the Standard Model has been achieved when the top
quark was discovered at Fermilab with the mass almost exactly predicted by the LEP data.
Today, using the full list of clectroweak measurements, including direct measurement of the
top-quark mass, one can put constraints on the mass of the Higgs boson. The result of such
analysis, which was performed by the LEP ElectroWeak Working Group, is shown in Fig. 2.
The minimum of x? corresponds to the mass of the Higgs boson: My = 761“3? GeV {2].

6 ;
icertainty | g
.8780.096 §
8.905+0.036 §

+
I .
[

44 .
(\l?.< y
< -
2 ]
o4 §__ Prliminary |
10 10” 10°

my, [GeV]

Fig. 2. Indirect measurement of the Higgs boson at LEP

While electroweak measurements provide indirect constraints on the mass of the Higgs
boson, direct searches performed at LEP pushed the lower limit of the Standard-Model Higgs
boson mass. As is typical in searches, the statistics at the highest possible coilider energy
is more important and, at present, the best limit My > 94.1 GeV was obtained from the
preliminary analysis of the 1998 DELPHI data collected at 189 GeV [3}.

In Fig. 3 it is shown that the interpretation of these high-energy data together with the
theoretical constraints in the Supersymmetric extension of the Standard Model for the first
time started to exclude completely the region of small tan 3 [3). .

The subject of QCD studies at LEP deserves special attention. Different analyses in
this area profit from high statistics of events with hadronic final state and well-understood
performance of the detectors. From the analysis of 4-jet hadronic events DELPHI has proved
one of the basic QCD features — the gluon self-coupling — and measured the number of
gluons, which exist in nature: N, = 8 2 [4).

Using the data taken by DELPHI at different LEP energies the evolution of different
QCD parameters has been studied. In particular, the value of the b-quark mass at the Mz
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@ DELPHI Preliminary
5 VS = 130 - 189 GeV
N

m, = 173.9 GeV/c?

M, =1 Tev/’
.. Maximal mixing
... No mixing

o) \'-': .
2630 40 50 60 70 80 "8G 100 "ii0 120
2
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Fig. 3. Exclusion limits of SUSY parameters
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Fig. 4. DELPHI measurement of running m,

scale my(Mz) = 2.67 £ 0.50 GeV/c? was determined, which agrees with the QCD prediction
of having a running b-quark mass. This result is demonstrated in Fig. 4. The study also
verified the flavour independence of the strong coupling constant for & and light quarks within
1% accuracy [5].

By now, DELPHI results from running at Z resonance and at LEP200 are summarized in
about 200 papers and it is impossible to give here even a brief description of all of them. In
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the following we, therefore, will restrict ourselves to the main results, where the contribution
from the Dubna group members was essential. The description starts with the hardware
contribution and continues with the results of the data analyses.

PERFORMANCE OF THE HCAL AND SMC

In this section we briefly overview the performance of two DELPHI subdetectors, the
Hadron CALorimeter (HCAL) and the Surround Muon Chambers (SMC), which were con-
structed and operated with a significant contribution of the Dubna group.

The iron return yoke of the DELPHI magnet is instrumented with plastic streamer tube
(PST) detectors to create a sampling gas calorimeter, the HCAL. The pad readout system for
the measurement of energy deposition was operating since the very beginning of DELPHI
experiment.

In addition, in 1995-1996 a system to read out the cathodes of individual tubes (CRO) was
implemented. The CRO system is independent of pad readout and improves the granularity in
¢ by a factor of 3 and in R by a factor of 5. The combination of two readout systems provides
better 7/ separation, improved detection of neutral particles, enhanced discrimination between
neighboring showers and more precise hadron energy measurement.

Yet another system — readout of the anodes of tubes (ARO) — used for timing (resolution
about 20 ns) and triggering purposes was commissioned in 1997/1998 for inner HCAL layers.
All layers will be equipped with ARO for the 1999 data taking.

An excellent performance of all three HCAL readouts allowed DELPHI to participate
in COSMOLEP — the project to study cosmic events with LEP detectors. In Fig. 5 a
COSMOLEP event from the test data taking in 1998 is shown. It was triggered by the
anode readout and the tracks were reconstructed with pad and cathode readouts.

During the years of DELPHI operation the HCAL has proven to be very stable, efficient
and reliable.

In 1994 the Surround Muon Chambers based on detectors similar to the HCAL PST’s
were installed outside the endcaps to fill the gap between the barrel and forward DELPHI
muon systems. That improved the hermiticity of the muon identification (Fig. 6 and, in total,
SMC demonstrated robust and reliable performance, with less than 1% losses of the detector
units over five years of operation.

LEP1 RESULTS

Electroweak Physics. The sensitivity in electroweak observables achieved experimentally
after the years of LEP operation at the energies around the Z resonance requires the highest
standards on the theoretical side as well.

One of the most popular and powerful theoretical tools used for the data interpretation is
the ZFITTER package [6]. Based on semi-analytic calculations performed in the framework
of the Standard Model, it provides an accuracy of typically ~ 0.01%, which required an
account of all known higher-order QED, electroweak and QCD results. The present accuracy
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Fig. 6. DELPHI muon identification efficiency versus the polar angle before (line) and after (points)
installation of the SMC

of the theory and its importance are well demonstrated in Fig. 2, where the width of the band
around the x? curve represents the uncertainty due to different theoretical sources.

Calculation of two—fermion standard processes remains important at LEP2 as well. In
addition, for the data analysis at these high energies, another theoretical contribution has been
made — the semi-analytic program GENTLE [7], which calculates the W-pair production
cross section and provides a benchmark for different Monte-Carlo generators.

Z° Lineshape Measurement. The study of fermion-antifermion pair production in ete~
collisions at LEP] energies (around 91 GeV) is the most powerful tool for determining the
parameters of the Standard Model and for checking its consistency. The experimentally
measured quantities are cross sections of hadronic and leptonic final states, charge forward-
backward asymmetries and fermion polarizations.

The hadronic final state profits from the high precision of the cross section measurement

-due to the large statistics of selected events and careful analysis of systematic uncertainties.
Almost 4000000 hadronic decays of Z boson were collected with the DELPHI detector
during the LEP1 run from 1989 to 1995.
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Hadronic Line-shape for 2, 3 and 4 Neutrino Species
40

. DELPHI
2 species 1990 — 1995 Data

35

30

25

cross-section, nb

20

(SASES S RN B S R SRR AR

PN PP B UI AT I AU IVITUPETE BVAFIPIN AT A

58 89 S0 9] 92 93 94 95 96

collision energy, GeV

Fig. 7. Hadronic line-shape for 2,3 and 4 neutrino species. The points are based on the data collected
by DELPHI at LEP1

Their distinctive feature is a large number of primary charged tracks, which allows
efficient selection of the signal events with very low background.

The main selection criteria used in the analysis are: the charged multiplicity Ng, > 4
and the charged energy F., > 0.12/s. This gives a signal selection efficiency of about 95%
and a residual background of about 0.5%.

The resulting statistical and systematic uncertainties for the cross sections amount to few
promille. The measured hadronic cross section is presented in Fig. 7 as a function of LEP
energy. In this plot the Standard Model prediction for the number of light neutrino species
equal to 2, 3 and 4 is also shown. The data clearly favour N, = 3.

The leptonic final states comprising only 15% of the visible Z° cross section also provide
important information for the global electroweak fit. As an example of a leptonic final state
analysis the most complex channel, ee — Z% 5 71 is presented here.

The analysis is restricted to the 20° < 8 < 160° range of polar angles where the best
detector performance is achieved. The events are selected as two low-multiplicity back-to-
back jets thus rejecting the background from Z® — gg and two-photon collisions.

The background from non-tau Z° leptonic decays is rejected by kinematic cuts, which
ensure that the track momenta and electromagnetic energies are incompatible with Z° — ee
or 2° — pue. The resultant selection efficiency is about 62% and the residual background is
close to 3%.

In addition to the measurement of the cross section, the charge forward-backward asym-
metry is determined from the azimuthal angle distribution of the negative lepton.

In Fig.8 the measured asymmetry and its energy evolution are clearly seen. The total
systematic error for the tau cross section measurement was 0.6% while for the asymmetry

» it was 0.002.
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Fig. 8. Angular differential cross section of negative tau production. Squares, crosses and circles stand
for LEP energies 89.438 GeV, 91.278 GeV and 92.965 GeV, respectively

P, .

o1 DELPHI P, (prelim)

0.05
~0.05
-0.15

-0.2%

P EFTEITE B SV RS BTG WSl RS SRS DS
-1 -0.8 ~-06 -04 -0.2 o] Q.2 0.4 0.6 0.8 1
cos($)

-0.3 PRI B

Fig. 9. Tau polarization as a function of the negative tau direction

All the results on the fermion pair production (8] at LEP1 were found to be in agreement
with the Standard Model predictions.
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Electroweak Properties of T Decays. Additional information on the Standard Model
parameters can be extracted from the polarization of the final state fermions.

At LEP energies only the tau lepton polarization can be measured, from the spectra of
7 decay products. The polarization is determined separately for each major tau decay mode,
these are identified by electromagnetic and hadron calorimeters and muon chambers. The
value of polarization is extracted by comparing the experimental spectra with the Monte-Carlo
predictions for decays of left- and right-handed taus. Additional information is extracted from
the polarization forward-backward asymmetry (Fig. 9). The combination of results [9] allows
one to measure the electroweak parameter 4; = 0.1369 & 0.0065 -+ 0.0043, or, equivalently
sin®6y, = 0.23288 + 0.00097.

The study of the tau decay spectra allows additional checks of the Standard Model in the
charged current sector. In [10] the measurement of the Michel parameters from tau decays is
described. All the measured parameters are in agreement with the Standard Model. A new
type of tensor interaction was also tested and its contribution was found to be consistent with
zero. Therefore, an upper limit on the strength of the tensor interaction has been set.

(=}

[

Amplitude

L . AV IS B N TSP B
0 2.5 5 75 10 12.5 15 17.5 20

AmBs

Fig. 10. Oscillation amplitude A (the error bars) as a function of Amg,

Study of BY — B? Oscillations. The large samples of events accumulated by LEP exper-
iments and the relatively high purity and efficiency of b-tagging allowed different B-physics
studies. Among them the precise determination of the values of the p and 7 parameters
(in terms of the Wolfenstein parameterization) of the Vcyn matrix elements is one of the
most interesting. Several quantities which depend on p and 7 can be measured and, if the
Standard Model is correct, they must define compatible values for the two parameters, within
measurement errors and theoretical uncertainties. Among these important quantities are the
mass differences between CP eigenstates Amp, and Ampg, in the neutral B mesons. Several
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experimental methods have been used [11] by DELPHI to study BY — B? oscillations. One of
them — using exclusive By — has been pioneered recently and, despite the small statistics,
gives an important contribution to the high Amg, mass region, due to the excellent proper
time resolution.

The combined DELPHI result with the relevant explanations is shown in Fig. 10. The
combined world result gives the upper limit Amp, > 12.4 ps~! at 95% C.L. with a sensitivity
of 13.8 ps~! and is defined mainly by the results from two LEP experiments: ALEPH
and DELPHI. The limit obtained gave an important impact on the p = 0.189 + 0.074 and
1 = 0.354 + 0.045 determination [12]. On the other hand, from quantities depending on p
and 7 the expected value of Amg, at 95% C.L. can be estimated [12]: 5 ps~! < AmBJ <
< 21 ps™!. The present limit covers about half of this region.

Experimental Study of Different QCD Effects. The data collected by DELPHI have been
used to measure the transverse Fr and longitudinal Fy, fragmentation functions, which were

dZO.ch

dzp,dcosd’
theoretical predictions, Fi, was found to be nonzero in the region of z, < 0.2 and vanishing

at higher z,, (Fig. 11).

evaluated from the double differential charged hadron cross section

Confirming
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Fig. 11. Measured values of Fy and Fr obtained in DELPHI (circles). Also shown are OPAL data
(stars) and Monte-Carlo distributions (histograms)

Using the first moments of the measured fragmentation functions, the mean charged
multiplicity in Z° hadronic decays was found to be (n°*) = 21.21 + 0.20. The second
moments of Fr and Fj, were used to calculate the strong coupling constant a,(Mz) in the
next-to-leading order of perturbative QCD, giving o¥*“(Mz) = 0.120 £ 0.013. Inclusion of
nonperturbative power corrections led to the value of oY X0+POW(Af,) = 0.101 +£0.013. For
further details, see [13].

The first probe of the correlation of the T-odd one-particle fragmentation function, which
is responsible for the left-right asymmetry of fragmentation of a transversely polarized quark,
has been done with the DELPHI data for Z° — 2 jets decays.
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DELPHI preliminary
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Fig. 12. The polar angle dependence of the azimuthal correlation (in ppm) of leadfing hadrons in
back-to-back jets

Though the transverse polarization of a quark in Z° decay is very small (O(m,/Mz)),

_there is a nontrivial correlation between transverse spins of a quark and an antiquark in the
Standard Model: Crt =~ —0.5 for the average over flavors.

This results in specific azimuthal asymmetry of the leading hadron produced in one jet
around the direction of the leading hadron in the second jet:

sin262
1+4-cos?8,

do

_— 2
dcos 82d¢, c0s(2¢1),

x 1+ 282 Crp
T

where 8, is the polar angle of the second hadron with respect to the beam axis and the

azimuthal angle of the first hadron, ¢;, is defined relatively to the plane of the beam and

second hadron. The experimental result and the best fit for the coefficient of cos(2¢,) are

shown in Fig. 12 and correspond to the value of analyzing power: |S] = 12.9 &+ 1.4% [14].

LEP2 PHYSICS

Fermion Pair Production. The study of e*e™ — ff(7) production at LEP2 has two
purposes: to provide a new input for constraining theory parameters and to look for possible
deviations from the Standard Model predictions at high collision energies. A typical feature
of events at LEP2 is strong Initial State Radiation of photons, which brings the effective
{or «reduced») collision energy (/") from the nominal centre-of-mass energy of LEP (1/5)
down to the Z°. Therefore the cross sections and leptonic asymmetries can be determined
for different ranges of /s’
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Fig. 13. Reconstruction reduced energy distribution based on hadronic events collected at 189 GeV
collision energy

In practice, the «inclusive» values are measured for the range /s’ /8 > 0.1 (multi-
hadronic events) or Vs’ > 75 GeV (leptonic events) and the «non-radiative» values for the
range Vs’ /+/s > 0.85. The nonradiative measurements should be more sensitive to the man-
ifestations of new physics phenomena. The distribution of reconstructed reduced energy for
multihadronic events is shown in Fig. 13.

The hadronic event selection in the analysis of the LEP2 data is very similar to the one
of the LEP} analysis (see LEPI section) with the cuts N, > 6 and E., > 0.15 +/s. The
selection efficiency in this case is about 85% and the residual background is of the order of
20%. The dominant background comes from the ete™ — W W™ process.

In the case of the ee — 77 process most of the selection cuts used at LEP1 were tightened
in order to achieve much larger suppression of Bhabha and two-photon background.

The two jets were required to be coplanar with the beam axis instead of back-to-back
topology at LEP1. The signal selection efficiency was about 50% and the residual background
was about 13%. )

The high-energy data sample accumulated by DELPHI during three years 1996-1998,
corresponding to about 240 pb~! of integrated luminosity collected at 130-189 GeV of
LEP energies, was analyzed to determine the cross sections and leptonic forward-backward
asymmetries.

The energy evolution of hadronic and leptonic cross sections can be seen in Fig. 14. No
significant deviations from the Standard Model predictions were found and limits were set on
the parameters of different models with additional Z’ bosons, contact interactions between
fermions and others. Preliminary numbers were reported at the conferences [15}].



Alexeev G.D. et al. The DELPHI Experiment at LEP 17

2
—~ 10°¢
| F ZFITTER 5.14
- F ® [30GeV
N b ® 136GeV
o
‘3 10 & DELPHI ® 161 GeV
=3 F B ruons ® 71 Gev
n hodrons A ® /83./89GeV
] vs>0.10Vs faus ¢
E /I k ¥ hadrops '
O E
r hodrons
1 & Vs>0.85vs .
10+t i,
E A v
- ' 1 - .’
F muons, tous T AL ».
i ? Vs> 75 GeV *
10k o (x0.)
F Preliminory
JL muons, tous . L 1S -
0 Vs>0.85vs . i ERREEE S
E (x0.1) ,xé S . A oma
o . S o i "
.4- X
10 E
S SO N TS WA VR AN S U SR SUSUR ST SR DU S SR S SN N SH S T |
80 100 . 120 140 160 180 200
Energy (GeV)

Fig. 14. Fermion pair production cross section at LEP1 and LEP2

W Pair Production. One of the main goals of LEP2 is to perform a precision, down to
~ 40 MeV, measurement of the W mass, which requires the use of all possible W decay
channels in the analysis. The distribution of the reconstructed W mass in the WW — ¢gggq
channel is shown in Fig. 15 [16].

This channel is the most statistically powerful but the mass reconstruction in it is likely
to be affected by the final state interaction between the hadrons from different W’s — Bose-
Einstein correlations and colour reconnection. Potentially, those effects can be large, because
the typical separation between the W+ and W~ in ete™ — W+ W™ events at LEP2 energies
is small, ~ 0.1 fm.

At the present level of statistics, however, the experimental data (Fig.16) show no
evidence for Bose-Einstein correlations in the correlation function R(Q) for like-sign particles
arising from different W’s measured at 172 GeV [17]. A preliminary analysis of the 183 GeV
data shows the same tendency [18].

Possible effects of interference due to colour reconnection in hadronic decays of W pairs
also have been studied from the data [19], but these studies were statistically limited. With
500 pb~! of integrated luminosity planned for LEP2, it should be possible to get more definite
results on both effects.

vv-PHYSICS

Photon Structure Function Study. One of the main interests in the vy physics is an
understanding of the photon structure function behaviour in the wide region of @2 and z. Such
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study will throw light on the parton distributions in the photon, which should be determined
experimentally as an input to the perturbative QCD and soft nonperturbative interactions. The
photon structure function can be measured in the reaction e*e™ — ete"yy* — ete” X,
where X is a multihadronic system and one of the scattered leptons is observed at a large
scattering angle (tagging condition) while the other, remaining at a small angle, is undetected
(antitagging condition). Here < is an almost real photon which is probed by the virtual one,
~*, and such a reaction is often called Deep Inelastic Scattering (DIS).

The corresponding cross section can be expressed in terms of the photon structure func-
tions F}(z,Q?) and Fy(z,Q?). Several types of physical process contribute to the total cross
section: the point-like coupling of the photons to a quark-antiquark pair (QPM), the vector
meson contribution (VDM) and the resolved photon contribution [20] (RPC), which was first
proposed to be used in DIS by DELPHI [21]. At present, the main goal is to extend the study
with the proposed three-component description of DIS to a wider Q2 region on the basis of
LEP2 data. Our latest results for F) (z,Q?) [22] are shown in Figs. 17,18.
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Fig. 17. F versus log (Q?) for 0.3 < z < 0.8  Fig. 18. F} versus log (Q?) for 0.01 <z < 0.1

Prospects for vy Physics with the DELPHI VSAT Detector. Studies of vy collisions at
LEP2 at very low momentum transfer Q% measured by the Very Small Angle Tagger (VSAT)
promise to bring new interesting results:

¢ for single tagged events, where the power to distinguish between different models
predicting quark and gluon densities inside the photon will be increased

o for double tagged events, when both scattered leptons are detected, cross section and
virtual photon structure function will be measured in a very clean kinematic environ-
ment.

During the 1997-1998 shutdown period a smaller beam pipe was installed at the position
of the VSAT calorimeters. This upgrade was initiated by the Dubna and Lund University
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Fig. 19. New and old acceptance of the modules of the DELPHI VSAT detector

groups in order to increase the VSAT acceptance. Preliminary analysis of the 1998 data [23]
shows the benefit of a factor of ~2 for double tagged and a factor of ~1.5 for single tagged
events (Fig. 19).
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Fig. 20. Invariant mass distribution

Production of 7. Mesons in Two-Photon Interactions. The study of hadronic resonances
produced in collisions of quasi-real photons has several advantages compared to the production
in ete™ annihilation. A resonance can be produced alone, making the study simpler, since
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there is no additiona! hadronic accompaniment in the reaction, and the production cross section
of such process can be calculated in QED with only one parameter — the two-photon width
of the resonance.

The LEP experimental conditions allow studies in the hadronic resonance mass domain
up to 2 + 3 GeV. Based on the data collected with the DELPHI detector, the production of
7. mesons in 7y collisions has been studied. This analysis uses several decay modes of the
resonances into charged pions and kaons and benefits from the advanced particle identification
capabilities of DELPHI. The resulting invariant mass distribution is shown in Fig. 20. From
the analysis of the data the 7. — -y~ partial width has been measured [24] and the limit for
the production of 77; in vy collisions has been set [25].
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TEOPHA TATIOTEHHS C TOYKH 3PEHHUA TEOMETPHHA
JIOBAYEBCKOI'O

H.A.Yepnuxoe

B nepeoii yacti paboTel pacCMOTPEHB! YeThIpe MOJEH IPaBHTALIMOHHOIO MOJIS I1O-
KOSILEeHCs 3Be3fbl BMECTE C YPAaBHEHHAMH IBHXEHHS ee CIyTHHUbl — raners. [lepsas
Mogens noctpoeHa HuioroHoM. Bropas mopens mocrpoeHa Jlo6asesckum. ITocTpoeHue
TpeTbeil Moflenu HayaTo DiHITEHHOM, ponomkeHo [Isapumnnsnaom u 3aseplieHO Po-
KoM. YeTBepras MOJENH MOCTPOEHA aBTOPOM INaHHO# pabotkl. I'eoMerpua JlobayeBckoro
BBOJHTCA KaK B MPOCTPAaHCTBO CKOPOCTEH, TaK M B IPOCTPAHCTBO MOJIOXEHHH MATEPH-
anbHO# ToYkH. B nepeoii ¥ TpeTheld MONENAX TPaBUTALMOHHOE NOJIE 3BE3Ibl MONYHHEETCS
ypaBHeHHAM DiiHTeiiHa. Bo BTOpO# H YeTBEpTOi MOMENAX IPABHTALHOHHOE MOJIE 3BE3MbI
MONYMHAETCS HOBBIM YpaBHEHHSM, NPENOXeHHBIM aBTOpoM. Bo BTOpO#i wacTi paboThr
IaHO NpOCTOE OMpele/ieHne CHMMETPHYHOH ath$hHHHON CBIIHOCTH, NOKA3aH DAI TEOpEM
W NpMBEJEHO TOYHOE pelieHHe HOBBIX YPaBHEHUH B TEODHH THTOTEHHA.

Pabora sbtnonHeHa B Jlabopatopuu teoperuyeckoit dusmuku um. H.H.Boromo6osa
OHAH.

The Theory of Gravity from the Viewpoint of Lobachevsky
Geometry

N.A.Chernikov

In the first part of this paper four models are being discussed, concering the gravita-
tional field of a star at rest and the equations of motion of the companion planet. The first
model has been created by Newton and the second — by Lobachevsky. The third model
has been initiated by Einstein, further developed by Schwarzschild and completed by
Fock. The fourth model has been created by the author of this paper. The Lobachevsky
geometry is introduced in the velocity space and in the usual space as well. In the first
and in the third models the gravitational field of the star obeys the Einstein equations.
In the second and in the fourth models the gravitational field of the star obeys new
equations, proposed by the author. In the second part of the paper a simple definition of
a symmetric affine connection is given, also several theorems have been proven and an
exact solution of the new equations in the theory of gravity has been given.

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

3nech paccMOTpeHs! YeThipe MOIEIH IPaBUTALIHOHHOTO MO/ MOKOSIHEHCS 3BE30bl BMECTE
C YPaBHEHHIMH JBHXEHHS €€ COYTHHUbI — IUIaHETH. PacCMOTpPEHHBIE MONESH PavIMYalTCs
3HaueHusMH (k, ¢) nap koHcTauT k ¥ ¢. KoHcTaHTa k gB/ISeTcs XapakTepHO#H Mepoi IJIMHB B
NPOCTPAHCTBE MOJIOKEHHH MaTepHanbHOH ToukH. KoHcTaHTa ¢ AmiseTcs xapakTepHoH Mepoi
OLICTPOTH B IPOCTPAHCTBE CKOPOCTe# MaTepHanpHOM ToukH. Kaxnad u3 Hux nubo pasHa, 1160
MeHbie 6eckodeynoctH. Eciu k = 00, TO B NPOCTPAHCTBE NOIOXEHHH OEHCTBYET reOMETpHS
Eexmnna; ecmn k < oo, To B HeM AeHcTByeT reoMeTpus Jlo6adesckoro. Ecin ¢ = oo, B
NpOCTpaHCTBE CKOPOCTEH OEeHCTByeT reoMeTpHd EBKinma; e€ciim ¢ < 0o, TO B HEM JEHCTBYET
reoMerpus JIo6auesckoro.

B momenax (k = 00, ¢ = o) u (k = oo, ¢ < co) rpaBUTALMOHHOE MOJE YIOBNETBOPIET
ypaBHeHUsM DitHmredna R, = 0.

B Momemax (k < 00, ¢ = o0) u (k < 0o, ¢ < co) IPaBUTALHOHHOE TOJE YIOBIETBOPSET
HOBBIM YpaBHEHHAM, MpeJIOXKEHHBIM aBTOPOM.

Mogens (k = 0o, ¢ = co) nocrpoeHa HploToHOM.

Mogens (k < 0o, ¢ = 0o0) nocrpoeHa Jlo6aueBcKHM.

Mogens (k = 00, ¢ < ©o0) MOCTpOEHA DHHIITEHHOM, NOJOXHUBIIMM B €¢ OCHOBY YPaB-
HeHMd R,,, = 0, lIBapumuisaoM, peliMBUINM 3TH YpaBHEHHs, H DOKOM, HACTOSBIIMM Ha
BbINIOJTHEHHH YCJIOBHS TapMOHHYHOCTH.

Mogens (k < 0o, ¢ < o0) nocrpoesa asropoM. OHa comepxut Bcio uuGopMauuio 06
OCTA/IBHBIX TpeX Mofesix. Ecau B 3TOH MOJENH MOMOXHTh ¢ = ©O, TO MOJYYHTCH MO-
nens JloGayeBCKoro, eciiu B Hell MOJMIOXHMTb ¢ = co, kK = 00, TO MONYYUTCS Momenb Hulo-
ToHa. Ecri Xe B Hell MONOXUTH k = cO, TO NOAYYUTCA Mofenb DitHmteiina—lIBapunmuis-
na—Poxka.

HUntepecHo, uro B Momenu (k < 00, ¢ < ©0) M3 YPaBHEHHH FPaBHTALMOHHOIO MOJIs
ClIEHyeT PaBEHCTBO HYMNIO BEKTOpa aHraPMOHMYHOCTH, KOTOPOE B Ipefeie k — 0O NEPeXOIuT
B YCJIOBME FapMOHMYHOCTH i Mogenn (k = 0o, ¢ < 00).

Boo6ie, MOXHO MHOroe NMOHATh, PACCMATPHBas TECOPHIO TATOTEHHSA C TOYKH 3DEHHS Ireo-
meTpun Jlo6ayeBckoro. HapuMep, MOXHO MOHATH, OYEMy B PEJISTHBHCTCKOH TEOPHH TATO-
TEHHS TP BCEX €€ yCIeXxax HaxoIdT HENOCTaTKH. YIaeTcs Jaxe MOHATh, KaK YCTPaHATh TaKHe
HEJOCTaTKH. ,

Kax H3BeCTHO, BCE YCNIEXH PEJSATHBHCTCKOM TEOPHH TATOTEHHS 3a/IOXWT DHHWITEHH, 3a-
MeHHB B Mozesad HeloToHa rpaBuTalMOHHBIA noTeHuMan U Ha IpaBHTALMOHHYI0 METPHKY
Gmndz"dz™, a HepeIITHBHCTCKYIO DaBHTALHOHHYIO CBSI3HOCTb, 3a/laBaeMyl0 4Yepe3 CHMBOJ
gradU, — Ha peJIATUBHCTCKYI0 FPaBHTAllMOHHYI CBA3HOCTb, 3alaBaeMylo CHMBoIOM Kpu-
crotests ang TEH30pa Gmn- '

Ilpasna, BCiteCTBHE 3TOTO TUIOTHOCTb 3HEPIHH MPaBUTALMOHHOIO MOJA M3-3a CIy4YHBLIEHCS
1o Jopore NoTepH (POHOBOH CBA3HOCTH OKa3asnach 3aBHCSINEH OT BhIGOpa KOODAMHATHOM KapThl.
Ho, He 3ameTHB NOTEPH, rPaBUTALMOHHMCTBl BOOOPA3IIIH, YTO SHEPIHs MPAaBHTALMOHHOTO MO
HENOKAAUIYEMA, YEM HAHECITH PEJIAITHBUCTCKOH TCOPHH IpaBuTaluH eue Gonbiumid ypod. OT-
Cloia NMOLUIH HENOCTATKH B TEOPHH IPABHTALIMH.

Kasanocs G, nmoreps Gbula chenaHa NpH CMATYAIOIHX OOCTOATENILCTBAX, MOCKOIBKY B
monenn HeioToHa ¢oHoBast cBA3HOCT, NMpHMHTHBHA. OIHAKO 30E€Ch-TO H TAWIach OMacHOCT:
B HEKOTOPHIX KOODIHHATHBIX Kaprax BCE KOMIIOHEHTHl NMPHMHTHBHOH CBA3HOCTH PaBHSAIOTCH
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HyJIO, B IPYTHX Xe KOODIHMHATHbIX KapTaXx ee KOMIIOHEHTH HY/JI0 He paBHs0TCA. Hamex-
Hee HUMeTh JeJIO C HENPUMHTHBHOH CBA3HOCTBIO: COBOKYIHOCTH €€ KOMIOHEHT HH B OIHO¥H
KOOpAMHATHOH KapTe B Hylb He obpamaercy.

BoccTaHOBUTE NMOTEPSHHYIO B TEOPHMH TArOTeHMs DHHIITEHHAa (OHOBYIO CBA3HOCTH HaM
nomoraeT 3HaHue MonesH Jlo6aueBckoro [1],[2]. ®ounosag cBa3HOCTs B Mogesu JloGauescKoro
HENPMMHUTHBHA H, CJIENOBaTENIbHO, HAXONMTCHA 3a NpefefiaMH TeopHH DilHmTeiiHa, HO MOXHO
BEpHYTHCS B 3TH NPE/CIIB, HE NOTEPSAB NPH 3TOM BOCCTAHOBRIEHHYIO (DOHOBYIO CBA3HOCTb. st
9TOTO HAN0 YCTPEMHTh K GECKOHEYHOCTM XapaKTepHylo i reomeTpuH JloGadeBCKOro Mepy
InuHbl, 0603HayaeMyio (0 NpeioxeHH I'aycca) depe3 KoHcTaHTy k. B 3TOM mnpegeie
mozens Jlo6auesckoro nepeitner B Moziens HploTOHa, a BoccTaHOB/IeHHAad (DOHOBad CBA3HOCTD
CTaHET MPHMUTHBHOH,

Bnaronaps BBefcHuI0 B POHOBYIO CBA3HOCTH reoMeTpuH JIo0aueBCKOro MHOTME TpYyIHbIE
BOTIPOCHl TEOPHMH [PAaBHTALMH B IIOCIEHHHE OBl NMPOSCHWIHCh. Hanpumep, monoxurtensHo
peLIWICs BOIPOC O BEIOOpE rapMOHHYECKHX KOOpAHHAT. CHTYalus 34eCh OKa3alach aHATOTHY-
HOH TOMH, XOTOPYIO B 3aJayax CTATHCTHYECKOW MexaHHKM paspeminni Boromo6or 3] metonom
KBasucpeOHHX. TOJBKO PONb, KOTOPYIO B METOJE KBa3HCPEAHHX HIpaeT MarHHTHOE noJie, 31eCh
HepexomHT K Mepe JUTHHBI K.

B pesynpraTe Tpynoemxod paGoThl s NpELTOXWI CIENYIOLHMH pelenT BOCCTAHORIEHHS
¢pOHOBOH CBA3HOCTH [4].

OGosnauum yepe3 I'7,, rpaBHTAUHOHHYIO CBS3HOCTS, a Yepe3 f“,’,m — (hOHOBYIO CBA3HOCTb.
Ux pasnocts Pr, =15, —'¢  HazoseM TeH3opoM acppuHEOl nedopMarmn.

3ateM 06o3HauuM uyepe3 Rmn TeH30p Puuun rpaBUTaUMOHHOM CBS3HOCTH, a_4epes
R,,m — TeH3op Puyun poHOBOH cBi3HOCTH. X pasHocTh 0603HauMM depes S,,, = Rmn —

CoracHO NpeyioXXeHHOMY MHOIO pellenTy, Ha TOM MecTe, rie (B MCeBIOCKaIdpe JarpaH-
XHaHa H B TICEBIOTEH30pE SHEPIUH-HMITYNIbCA TPABHTALIMOHHOIO NOJIs) CTOMT TEOMETPHYECKHIA
obvexr ¢ komnoHeHramu (—I['% ), Ha3siBaeMblii Mo MaHOBY [5] xoBapuaHTHOM adduHHOIM
CBS3HOCTBIO, HAJI0 NMOCTaBUTh TeH30p PS. . a Ha TOM MecTe, Te B ypaBHEHHIX DiHwmureiina
cTOUT TeH30p (— Ry ), HANO, U3MEHUB YpaBHeHHUs DHHIITEHHA, IOCTABUTb TEH3OP Spmin.

B nonyuaroumxcs TakuM 06pa3oM HOBBIX YPAaBHEHHAX TAIOTEHUS

87{7 Mon §= gmnSmn )

1
Smn - = S I9mn = —
2
poHOBas CBA3HOCTb CYMTAECTCA 3aJlaHHOM, a TPaBUTALMOHHAas CBA3HOCTh — HUCKOMOH. [Ipen-
nosiaraeM TakXe, YTO MCTOYHHK M, He 3aBHCHT OT BbIOOpa (POHOBOI CBA3HOCTH, TaKk 4TO
COXpaHgeTCs YCJIOBHE
n
Vs QST mn = 0.

B To#i obnacri, rae HET MaTEpHH, YPAaBHEHUSA TATOTEHHS NMPHUHUMAKT BUI S, = 0, TO ecTh
Rmn = ‘ann .

Tpusuanshoe pemenne I't . = I'% ~ OTHOCHMTCH K c/ydalo, KOTAa HET rpaBUTALEOHHOIO
10/, TAaK YTO (POHOBAA CBA3HOCTH SBIAETCS YACTHBIM CJIy4aeM CBS3HOCTH [PaBHTALMOHHOM.

MoHOBag CBA3HOCTH ONpPENENIAETC YPAaBHEHMAMM Oguxenus CBOOOMHON MaTepHAIbHOM
TOYKH.
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I'paBuTanMonHas Xe CBIZHOCTD OTPENEIAeTCS YPABHEHUAMH nadeHua MaTepHAIbHOH TOYKH
B PaBUTALIMOHHOM NOJie CII (B OTCYTCTBHE KaKHX-THOO NPYTHX CHI).

Ycnosue rapMOHHYHOCTH (DOHOBOHM CBI3HOCTH OTHOCHTENIBHO IPAaBHTAHHOHHOH METPHKH
3anucksaeTca B Bune $¢ = 0, roe

2% = g™ PR,

B cBomx nmpexnux pabortax 4 noxasan [6], uTo Bcskas ¢H3HUECKast TEOPHA ONHpPAcTCs Ha
IOHATHE MPOCTPAHCTBA CKOPOCTEH, @ B 3TOM IIPOCTPAHCTBE BO3MOXHA TOJIBKO NHOO reoMeTpus
Esxnnpa, mu6o reoMerpus Jlobauesckoro. B nepBoM cllydae TEOpHIO Ha3bIBAIOT HEPENATUBHCT-
CKOi1, a BO BTOPOM — PEJIATUBHCTCKON. CTpaHHO, KOHEYHO, H JaXe HeJIENo, HO TaK Ha3bIBaioT.

B nepBoM cnydyae HET XapaKTepHOH Mepsl CKOpPOcTeH. Bo BTOpOM Takas Mepa CyWEeCTBYeT.
Ona paBHa CKOpocTH cBeTa ¢. KOHCTaHTa ¢ HIpaeT TaKyio Xe posib B NPOCTPAHCTBE CKOPOCTEH,
KaKylo KOHCTaHTa k MIPacT B BHIHMOM HaMH IIPOCTPAHCTBE IOJIOXEHHH MaTepHAIPHON TOYKH.

Hepemnstupictckuit cinydai 6yneM o6o3HauaTh uepes ¢ = 0o, a PeISTHBUCTCKHH — uepes
¢ < 0o0.

['paBHTAlIHOHHAT METPHKA [IPUBOJIHMTCH K BHIY

gmndxmd:v" :flfl +f2f2 +f3f3 _62 f4f47

rae f™ — nuueinbie aHMdbdepeHHatsbie GopMbl. B OTCYTCTBHE rpaBHTallMOHHOTO NOJIA B
PENSTHBHCTCKOM CIIy4ae IonaraeM

Gmnd2™d2” = Grpdx™da™ = hy,, dxtdz” — ¢? dtdt |

rae h,, ne sasucsar ot z? = t.

IlpennonaraeM, 4To KBagpaTWuHas copMa h,, dz*dz” ssnsgerca MO0 METPUKOH mpo-
cTpaHcTBa EBknupa (cinydyait k = co), nu6o MeTpukoil npoctpadcTea Jlobauesckoro (crydait
k < 00).

Komnonentsi ceastocta Kpucroddens wis metpuku hy,, dr*dz” obospayum uepes hj, .

Teniop Puwan r,,, [ CBAIHOCTH hT, paved 7, = —k~2 hy, B cnyuae k < O u pasen
Hymo (r,, = 0) B cnydae k = oo.

HuTtepecho, uro doHoBas CBA3HOCT, IS, HE 3aBHCHT OT CKOPOCTH CBETa ¢, TO €CTh
oTHocuTcss K A6comoTHoi reoMerpud Boisu B npocTpaHcTBe cKopocredl. JeHCTBUTENBHO,
reofie3H4ecKue ¢ METpHKoi h,, dx*dx” — ¢® dtdt MOXHO 3anucarh B BHHE

e da
dr? B dr dr Todr?

HO B TAKOM X€ BHIOC MOXHO 3aIllMCaTh n ypaBHeHHﬂ JBUXCHHUA Ma’I‘CpHaJ’IbHOi:I TOYKH C narpaH-
XHaHOM
1 dz# dx¥
S,
2 ™ dt dt
CnepoBatenbHO, KaK B PEJITHBHCTCKOM Clly4ae, TaK H B CNy4ae HEPE/IATHBUCTCKOM
I, =he

nv fIT

Pe, =0, =0,y =0,1%,=0.

TriT
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CooTBeTCTBEHHO, M (DOHOBBIH TEH30p PHYYH KaK B PEVIITUBHCTCKOM CJIydae, Tak M B Clydae
HEpEJIITHBUCTCKOM PaBeH

Rpu=rpu,é4n=0,ém4=0.

Jlaneuie Mpl OTPaHHYHMCH PAaCCMOTPEHHEM ITOKOALIEHCA 3BE3[bl, BOKPYT KOTOPOH ABH-
XeTCs ec eIHHCTBCHHAd CIyTHHIA — IUIAHETAa. YpaBHEHHA OBHXCHHA IUIAHETH! BCEIla MOXHO
OpHBECTH K BHIY, PaCCMOTPEHHOMY HHMX€ B pa3fieiic 9, pasyMeeTcd, €CJIH Ha Hee [eHCTBYIOT
TOJILKO TPABMTAIMOHHEIE CHiIbl. B KauecTse koopaunar z', 2 u z° BriGepeM paccTosHue p
OT 3Be3[Ibl, MONEPHBIA Yo 0 ¥ asuMYTTbHBIN YToN ¢ Ha cdepe p = const ; 0603HAUEHHE

4 = t coxpanuM. [IpH TaxoM OrpaHHYEHHH HaM TpeGyeTcss pelIuTs YpaBHEHHS Sy = 0.

2. MOJIEJIb HBIOTOHA: CIIYYAH (k = 00, ¢ = 0)

CornacHo HbloTOHY, ypaBHEHHS HBHXEHHS IUIAHETHI (TO €CTh ee CBOOOJHOIO MajieHHUd Ha

3BE3Y) TAKOBBI:
d?p do dé psin d¢ d¢ M dt dt

a?  Parar d dr 2d'rd'r ’
4?0 2dpdd dé dg
a2 T pdrar  Smoeosfg =0,
2 2
Lo 2dpds_, dbdp |
dr?  pdrdr dr dr dr?

3pech v — noctosHHag HeloToHa, M — Macca 3Be3fibl.

OTcrofa HeNOCPeOCTBEHHO HaXONHMTCH MPaBHTALlMOHHAd cBs3HOCTS ' .. B ciryyae HpioToHa.
Hpu M = 0 ona coBnagaet ¢ (hOHOBOH CBA3HOCTHIO. JIErKO BHAETH, YTO B JAHHOM CJTyYae BCE
KOMIOHEHTH TeH30pa adpuHHOH nedopMallii paBHBI HYJIIO, KPOME KOMIIOHEHTSI

PaBHO# cujle, C KOTOPOH 3Be30a NPHTATHBACT UHHYHYIO MacCy IUIaHETHI.

3aMeuaTenibHO, YTO NpH JII0O0M 3HAYEHHMM KOHCTaHTHi Y rpaBUTALlMOHHAS CBA3HOCTb
HeloTona (B TOYHOCTH!) YNOBNETBOPS€T YPaBHEHHI0 R, = 0. DT0 3HaYUT, 4TO BaXHEH-
liee peliCHHEe 3HAMEHHMTOro ypaBHEHHMs DHHINTe#iHa ObUIO NPEXYyCMOTPEHO M IPHIOTORIEHO
HeoToHOM. 3mecs ymMecTHa LHTATa:

"B nawe apema bepymca pacuiudpossieams caoxHetuiue Koovl, He 00yUUGUUCE 2pamome.
Cpedu mex, kmo mobum nopaccyxoams 06 OueROMAAIOWUX MPydax JiHwmelHa, Mano KMo
npedcmagasem cebe cyms 3axonoe Heiomona” (7).

3. MOJIEJB JIOBAYEBCKOI'O: CIYYAH (k < o0, ¢ = 00)

B reoMerpun Jlo6aueBcKOro JUIHHA OKPYXHOCTH paiHyca p paBHa 27r, a mwioLans cepsl
TAKOTO Xe pamuyca paBHa 4772, mme r = ksinh 2. OcHosriBafCh Ha 3TOM, JloGaueBcKuii
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ykasan [1, c. 159], uro B BoOOpaxkaemoi ['eomerpnu cuia, ¢ XOTOpOH 3Be3Ra NPHUTIATHBAET
€MHHYHYIO MacCy IUTAHETHI, ROMXHA PaBHATHCH

OcranbsHpie KOMOOHEHTHI TeH30pa aguHHON nechopmauuny, Kak 4 B Mofenu HeioToHa, mona-
racM paBHBIMH HYJK, MOCKOJbKY CHIIA NIPHTSKEHHUSA HATIPABNCHA K LIEHTPY 3BE3MBI.
Yro6rt HaHTH OHOBYIO CBA3HOCTb B MofenH JloBaueBcKOro, Halo COCTAaBHTb ypaBHEHMA
OBHXEHHSA MaTepHaIBHON TOYKH c dhyHKuued JlarpaHxa, paBHOH
ldpdp + 1 ,dodd

1, o, d¢de
sgwat T3 @arta MmO Gw

H3 31X ypaBHEHHWH OymeT BHAHO, YTO BCE KOMITOHEHTH! (POHOBOH CBA3HOCTH B paccMa-
TPHBAEMbIX KOOPAHHATAX PABHBI HY/IO, KPOME CIEHYIOINX KOMIOHEHT:

I:;Q = —ksinh £ cosh £, I:“§3 =1}, sin?8,
F%z = k‘1 coth & = F%p ['%, = ~sinfcos¥,

@DOoHOBBIE TEH30p PHYYM B paccMaTpMBaeMBIX KOOpDOMHATaX OHArOHANeH. Ero muaroHambHble
3JIEMEHTB! PaBHbI

R]l = —2}6_2, RQQ = —2](7—27‘2, Rgg = -—~2k—27‘2 sin2 9, R44 =0.

I'pasuranuonHas cBI3n0cTh JI06aueBCKOro npy NoO0M 3HAYEHHN KOHCTaHTH Y M ymoBie-
TBOpSET YpaBHEHHIO R, = Royn.
Kak u B Mopmen HpioToHa, cuna nputaxenus B Moaenu JIo6aueBCcKOro noTeHUMaNbHAs,
Ee norennman U paseH [2]
M
U= 7——(1 — coth B).
k k
OH HaxomMTCH U3 yCIIOBHMH
al M
dp T2

EmU = 0 npu p — co.
4, MOJIEJIb BﬁHIHTEIZIHA—IHBAPHIHPUIbI[A—(DOKAL:
CIIYIAH (k = o0, ¢ < o0)
Co3paHHe 3TO# MOIENH Ha4aTO DHHIUTERHOM, NPOROIXEHO 11IBapLUILINIBIOM H 3aBEPLIEHO

(DOKOM, HACTOSIBIIHM Ha BHIUTOJHEHHH YCJIOBHS FapDMOHHYHOCTH. I'paBMTauMOHHAY MeTpHKa B
9TOH MOAENH paBHa

(z+ )dp + (p + @)?(d6? + sin® 6 d¢?) — (H )cdt2
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rac
_ M
=2
€CTh TIpaBMTALMOHHBIM panuyc Maccel M. OHa ymOBIETBOpPAET YPaBHEHHI0 DHHINTeHHa
R, = 0. BriBox Hanoxen B [8, c.263].
VinTepecHo, 49TO B cny4ae CTAaTHYECKOH CPEpHYECKH CHMMETPHYHOH METpPHKH 0OLlero
BHIa
Fmndz™dz™ = F2dp?® + H*(d9? + sin® 8d¢?) — V2dt?
ClIERyWILIHE KOMIIOHEHTBI BEKTOpA aHMAPMOHHYHOCTH PaBHbI HYJIO:
P2 =0, =0, ®*=0.

Yt0 n0 panuansHOi koMmnoHeHTs! P!, To OHa 3aBUCHT OT (hOHOBO# MeTpHKH. B paccMma-
TPHBAEMOM CJTy4a€ OHA paBHA

1 1

d

B cuty ycnoBus rapMOHHYHOCTH

d, _

—(F'WH? —2FVp=0,

dp

Ha KoTopoM HacTtosn ok [8, c. 256] u KoTOpOe OTHIONL HE CledyeT M3 ypaBHEeHHH Diin-
HITefHa, palHalbHAt KOMIIOHEHTa BEKTOPa aHFAPMOHMYHOCTH 0DpaluaeTcs B Hyb.

5. OBLIIHI CIYYAH (k < oo, ¢ < o)

O6mwmii ciryyal 6501 pacCMOTpPEH MHOIO K IBYXCOTIETHIO cO AHA poxaenus H.M.JIo6aueBckoro
B pabote [4]. B He# s coof1mnI noNy4eHHOE MHOIO PELICHHE HOBBIX YPaBHEHHI TATOTEHHS

2

Ry = 2

Ry = —2sinh? % , Rs3 = —2sinh’ £ sin”@, Ras =0,

Rmn:O, maén

Cornacuo [4] B cnywae (k < 00, ¢ < 00) IpaBATAMOHHA METPHKa PaBHA
k2e~2P[=71de? 4 sinh®(¢ + B)(d8? + sin® @ d¢p?)) — Pe?P=dt?

rze
inh(£ — 1 M
_SmhE—F) o _p e M
sinh(¢ + 5) k 2 ke?
IMonpobubiii BHIBOX 3TOH METPHKH CM. B pazfene 12.
HUHTepecHo, 9T B JAHHOM Clly4ae BeKTOp aHrapMOHHYHOCTH $° 6€3ycnoBHO paBeH HyIo,
JleHCTBUTENBHO, KaK M B NMpeasutylueM ciydae, ®2 =0, @3 =0, &% =0. Ho B naHHOM

caydae

f1)

1 _ L d ey L. 20
= VFI [dp(F _VH) FVksinh k]’
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a U3 HOBBIX ypaBHCHPIﬁ TATOTCHHA B pasiciic 6 BBIBEJICHO CJIEQYIOLIEE PaBEHCTBO!

™ R + % 9" (VaBomn + VinRan — Vo Ram) = 0.
COrIacHO 9TOMY PaBEHCTBY B JAHHOM Clydae
'Ry = —2k7%0! =0,
4To MpH k < 0O KBHBANEHTHO paBeHCTBY & = 0, win

d, 2 . 2p
S (FWVH?Y) - FV Loy,
dp(F H?) — FVksinh A 0

Ipu & — 00 HoClenHee PaBeHCTBO NEPEXOQUT B YCIIOBHE rapMOHHYHOCTH Poka.

6. TEOPEMA O JIBYX TEH30PAX PUYYH
H BEKTOPE AHTAPMOHHYHOCTH

CyTb 3TOH TEOPEMBI COCTOUT B CJIEHYIOLIEM TOXICCTBE:

1
va.ga‘m(‘s’mn - 5 ngn) = (1)

9 1 v v VY VI
= q)mRmn + 5 gam(vaRmn + vaan - vnRam) .

HokaxeM ero,
B cuny ToxnaecTsa DHHINTEHHA

1
vagam(Rﬂ'nn - 5 Rgmn) =0 (2)

HMeeM 1 1
vagam(smn - 5 ngn) = vagamenn - '2' vngmebm . (3)

MepefineM 3aech OT NPOU3BOAHBIX V, K IIPOM3BOAHBIM ﬁaz
V(LgamRﬁln - (va - Pa)gamemn + ga"lRULSP(f‘n b2
van'm = v‘n}zb’m + P:()Rsm + PsnLRbs )

vngmean — gbmvnébm — gbnlﬁanm + 2ganLRmsP(

5
ar

B pesynprare nonyumnm

n 1 1 m v am P 1 mr P
vaga7 Rmn - 5 vngb LRbm = (va - Pa)g Rfmn - E gb vn,Rbm =

"y 1 vy VR v -
= ¢mRmn + '2“ gam(vaann + vaan - vn}za.'m) . (4)

Conocrasus (3) ¢ (4), nomyuum (1). TeM caMbIM TeopeMa JOKa3aHa.
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7. TEOPEMA O BEKTOPE ANMTAPMOHHYHOCTH
B CIIVYAE (k < 00, ¢ < 00)

B ciay4yae ¢ < 00 HOBHIC YPABHCHHS TATOTEHHA HMCIOT BHI

1
Sm‘n. -4 S gmn = —.8—2(4—’)—/ MmTL H S = gmnSm" ) (5)
2 C

[IpHYeM MpeanosaraeTcs, uro
Vo " Mpn=0. (6)

M3 noxa3aHHOIi BHILIE TEOPEMBI CIEOYET, YTO A7l BCAKOIO PELICHHS YpaBHEHHA (5) BLINMOMHI-
eTcs paBeHCTBO

O B + 5 8™ (Vaoun + Vi Ban — Vo Bam) ™
B cnydae k < 0o HMeeM
R, =-k"2h, , Ru=0, Ry =0, Ryu=0, (8)
TaxK 4TO . .
VoRmn =0. )

H3 (7), (8) wu (9) cnenyer, 4TO I BCAKOIO pEWICHHA ypaBHeHH# (5) B cnydae
(k < 00, ¢ < 00) MPOCTPaHCTBEHHbIE KOMIIOHEHTH BEKTOPAa aHTAPMOHHYHOCTH PaBHbI HYJHIO:

P'l=0, ®’=0, ¥*=0. (10)
Yro no koMnonents &4, To B 061meM cnydae oHa paBHa

(1)4 — _gmnF4 1 8

mn — _\/T—gaxm(\/__ggm4) ) (11)

tak Kax ['}  =0.

LT

8. CKAJISPHBIN JIATPAHXHAH
H TEH30P DHEPTHH-UMIYJILCA

[IceBROCKaNISIPHDIH NATPAHXUAH 3aMEHIEM Ha CKAIIPHBIH
_ . mn/pa b a s
L_g (PmbPan_Pastn) - (12)
HCCBIIOTCH30P JHCPIiU-NMIYJIbCa 3aMCHAEM Ha TEH30p

EI(; — @gl‘!l(Pa

mn

- Pmé-;zl) - L(Sg ’ (13)

roe
Pm = P;,l,n ) (14)

q);;nn — gms .;;7 + gn.s .;nbl _g‘mnPb . (15)
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Kogektop (14) HazoBeM koBeKTOpOM adhbuHHO# nedpopMammu. Tenszop (15) Ha30BeM TeH30pOM
aHrapMOHHYHOCTH, TAK KaK €ro CBEPTKa paBHA BEKTODY aH[ADMOHHYHOCTH:

O =™ . (16)
Cxanap (12) MOXHO NpPHBECTH K BHOY
L=8+V,(2*-P%, (17)
rae
P =g""P, . (18)

TeH30p SHEpIHH-HUMIYIbCa B CyMME C YOBOEHHBIM TEH30pDOM, BXOISINHUM B JIEBYHO YacCTh’
ypaBHeHHH (5), COCTaBIMET CIAENYIOUYI0 JHBEPIreHIHIO:

EZ 4 g% (2805 — Sgns) = (Vo — By) (D™ — %67 + uzey, (19)

roe
Uyt = g*° Py — g™ PG + (D% — P — (" — P™)4; . (20)
3aMeTHM, 4TO OOBIKHOBEHHO B TEOPHH TATOTEHNA DHHINTEHHA MONONYYHbIH ICEBIOTEH30D
SHEPIHH-HMIY/IbCA CBOPAYMBAIOT C BEKTODHBIM MOJIEM H MO/IY4aloT, KOHEYHO XE, HE BEKTOp-
HOE, a NCEeBJOBEKTOPHOE nose. HUMao He COMHEBasICh, K NMOYYAIIEMYCs NOMI0 NIPHMEHSIOT
TeopeMy 'aycca, pacCYHTaHHYIO Ha BEKTOPHOE I10JIe, a TaKOe, HE3aKOHHOE, NIPHMEHEHHE Teo-
peMbl ["aycca MPUBOMUT K MHTErpanaM, 3aBUCSLIHM OT HAIIEro NPOH3BOJIa B BRIGOpE KOOPAHHAT,
YTO HECOBMECTHMO C HX NMpedHa3HayeHHeM MpelCTaRIATh SHEPTHIO H uMnynec. Iepexon xe
TEH30pY SHEpPTHH-HMIYIbCa CTPaxyeT Hac OT TaKoH OLIHOKH.

9. [IPOCTOE OIPEJIEJIEHHE
CUMMETPUYHOH AO®OHHHON CBA3HOCTH

PaccMOTpuM cHCTeMy OOBIKHOBEHHBIX AH((EPEHLHATbHBIX YPaBHEHHH

dz™ dz™
+§ E rs =0, a=1,.,N (21)
dT2 mn dT dT y H b3 k)
m=1n=1
B KOTOpO# KomnoHenTst [ = [ 3asucar or 2!, ...,z xax yromHo, Ho cOBCeM He 3aBHCAT

ot 7. Cpa3sy Xe 3aMeTHM, 4TO cHcTeMa (21) HHBapHaHTHa OTHOCHTEJIBHO 3aMeHbl 7 Ha 7 =
= AT + B, rie A 1 B— XOHCTaHTBI, YIOBIETBOPSIOLUME EAUHCTBEHHOMY yciioBuio A # (.

MOXHO CYHTaTh, YTO MepeMeHHbie T, ...,z COCTAaBNAIOT KOOPAMHATHYKO KApTy T MHO-
roo6pasus M, pasMepHOCTs KoToporo pasHa /N CuMTas Tak, Ha30BEM YIOPSIOYEHHYH) MO
npasuny (21) copokymHocTs koMnonent I'y,, = I't  npoekuuei u3 M cuMMeTpHUHO#H ad-
(buHHOIi CBI3HOCTH Ha KapTy Z.

Mepeitnem B cucteMe (21) oT nepeMeHHBIX T!,...,z" K TaKMM HOBHIM NEpeMeHHbIM
#!,..., %%, 113 xoTophix AKOGMaH nepexofia He paBHAETCS HYMO. I8 HOBBIX NEPEMEHHBIX

NO/IYYHTCS CHCTEMa YPaBHEHHH TakKoro Xe BHIa, 4To M (21), a HMeHHO:

N

d‘ZAa dz™ dim
+ZZFW =0, a=1..,N, (22)

m=1n=1
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rae
ZS,,( man+ZZspsqr ) (23)
p=1g=1
N oze oz?P
a _ Y& p .
% =g Sm =g @4
JeHCTBHTENBHO, HMEEM
dit _§ngodd At SN, din
drv‘bzl b dr > dr _m=1 ™ d

CrenoBaTesibHO,
N N N N
8%z dzP dz?

d2:f:a R d2 b
F:gsb dr? Zzazpaa:q_&:;rg'

Ioncraenag ciona U3 (21) 3HayeHme

d?zb o daP dz?
e ZZ M dr
p=1g=
rnojyd4aeM
3¢ NSL[ 8250 A ap v\ daP dz?
drz ZZ(BQ:P&I:‘J -8 FP‘?)EEF ’
p=1g=1 ™ b=1
TO eCThb
35 L i n e/ 0% AU g™ din
ar vr a p gg&o 4L
drz Z Z{Z Z(azpaa;q ZS” qu)]SmS" dr dr’
m=1n=1"tp=1gqg=1 b=1
Hanee, nMeeM
N e 02%
ZSbSm = dim =5m N
b=1
CrnenoeartesibHO,
0 N pach _ emem D% o L e e O
o 2 505 = 2 2 g S+ 2 S mgm =0
b=1 p=1g=1 b=1
TO eCThb NN
62 @ 62 b
SP §9 = o
Pz—:lqz; BxPHxr? S ZSI’ oxmozn’

Otciona cnegytot dopmyist (22) u (23).
MOXHO CUMTaTh, 4TO nepeMenHsie &', ..., 2" cocrasnsior HOByIO _KOOD[IHHATHYIO KapTy &
MHoroo6pasus M. YnopsnouenHyio no npaewiy (22) cOBOKYIHOCTh an =TI'% ., KOMNOHEHT
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Ha30BeM NpoeKUHeH U3 MHOrooOpasua M Ha KapTy £ TOH Xe CaMOH CBA3HOCTH, KOTODYIO MBI
IPOEKTHPOBAIH Bhlilie U3 M Ha KapTy z.
CesisHocTro 'Y, 3a51aeTcst ee TEH30p KPHBH3HBI

a 0 a 0 a ~ a s a s
mnb — —8‘%7"’"11”[, - %Frnb + Z ( mstnb T nsFmb)

s=1

M CBEPHYTHIH TEH30P KPHBH3HBI

— pa
Rnb — fgnp s

Ha3bIBAEMbBIH TeH30pOM Puuun.

10. IPHMHTHUBHAA CBA3HOCTD

IIpocTeiiiinM 4acTHBIM CnydaeM CHCTEMBI (21) siBnsgeTcs Clexylomas CHCTEMa YpaBHEHHUH:

d2 a
%:0, a=1,..,N. (25)

ITocnennas ompenesiieT NPHMHTHBHYK) CBSI3HOCTb. B KapTe z KOMIIOHEHTBHI IIPUMHTHBHOH
CBA3HOCTH PaBHH Hymo. B xapre £ cornacHo (23) ee KOMIOHEHTHI PaBHBI

ozm oL

N 2,.b
S & oz (26)
b=1

TeH30p KPHBH3HLI IPHMHUTHBHOK CBS3HOCTH pPaBeH HyJIO.
Hao6opoT, ec/iH TeH30p KPHBH3HbBI CHMMETPHYHOM ah(OHHHON CBA3HOCTH PaBEH HYMIO, TO
3Ta CBI3HOCTh TPHMHTHEBHA.

11. BEKTOP AHFAPMOHHYHOCTH
B CAYYAE IIPUMHTHUBHOH #»OHOBOH CBA3HOCTH

Ecnu B HEeKOTOpOM KapTe y BCE KOMIIOHEHTH! (POHOBOH CBS3HOCTH pPaBHbI HYNIO, TO B
cooTBeTCTBHH ¢ (26) Ten3op adpdunHON neopmMalMi paBeH

fxe 0%y Oz
o 9% IV pa T g g op 27

CrenoBsartesibHO, BEKTOP aHMAPMOHHYHOCTH B IAHHOM CJiydae paBeH

a

Oz
¢t = gmnpr  — 0 b , 28
g mn 6yb y ( )

e

Dyb — gmnv'rnvnyb . (29)
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ITpr 3TOM HaXO 3aMETHTH, YTO BCAKa#d KOOPAMHATA Ha MHOrooGpasuM sBISETCH CKAIAPHON
(yHKILMEH, TaK 4TO Voy® = 0,4°, a Oy® aensercs muddeperimansHbim napamerpoM bens-
Tpamu BTOpOTO pofa. OH paseH

1 8 oyb
o b_ - —— mn Y9
V= e (V=99™"52) - (30)
TaK KaK 1 8
g™ o, = (V=99™) . (31)

/_g O™
CornacHo (28), eciM KOOPAMHATE ” raApMOHMYECKHE, TO BEKTOP AHFAPMOHHYHOCTH PaBeH
nymo. Haobopot, cornacuo (28) umeem

& b
Oy® = b%q»a. (32)

[loaTOMY €CNM BEKTODP AHrAPMOHWYHOCTH PABEH HYIIIO, TO KOODAMHATHI 4” rapMOHHUYECKHE.

12. PEHIEHHE HOBBIX YPABHEHHH TATOTEHHSA
(B CIIVYAE (k < 00, ¢ < 00))

Hosuie YpaBHCHHA TANOTCHHA, @ HMCHHO!

2
Ry = T2 Rpp = —2sinh® % ’
Rgz = -2 sinh? —gsin29, Ry =0, (33)

an,zoy m#n;

6ynem peluaTs, nonaras, YTo
Gap dz°dz’ = F2dp® + H?(d#? + sin® 6d¢?) — V2dt? | (34)

rne ¢pyuxkiun F, H,V 3aBUCAT TONBKO OT p.
Tak kak B ciydae (34) Bce HenuMaroHanNbHbIE KOMMOHEHTH! TEH30pa R, PaBHH HYNO, A
JIMaroHaNbHbIE YIORIETBOPSIOT YCJIOBHIO

R33 = RQQ sin2 8 y (35)

TO M3 BceX ypaBHeHHi (33) HaM ocTaeTcs YROBIETBOPHTD CHETYIOLIMM TPEM YPaBHEHHSM:

2
Ry =0, R=-—

s 12 F
=R Ryo = —2sinh e (36)

Hanee, B cnydae (34) umeeM
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_dH 1 d(FV) d°H

H -2 2
— F =— -— 37
5 (Ru+V2F2Ry) gl (37)
1 d /VHdH
=1 — {12
Ras FV dp < F dp )
ConracHo (36) u (37) 3amava cBemachk K cCleOyloliel CHCTeMe YPABHEHHH:
d {H?dV
i(Fa) 0 .
CH _H _dH 1 d(FV) 9
dp? k2 dp FV dp '’
d (VHdH 2p
—| —=—=—)=FV — .
dp( % dp) cosh p (40)

XopoluM yIpaxHeHHeM IUIs CTyOeHTa ABIfeTcs K0Ka3aTh, YTO IS BCSKOIO pEILEHHS
cucTeMbl ypaBHeHHH (38), (39), (40) BLHIMONHAETCS CNEAyHOlllee PaBEHCTBO:

d (VH? 2p
— = FVsinh — . 4
ap < 7 ) sinh % (41)
Mpu1 6yneM pemarth 3[eCh 3Ty CHCTEMY NPH YCIOBHH

FV = C = const . (42)

an ITOM YCNOBHH CHCTEMa YNpOINAETCH H NPHBOAWICH K CICAYIOLUEMY BHAY!:

d av?
—(H* 2 = 4
dp( dp ) . “9
d’°H H
a2 TR 0, (44)
d? 2 g2 2 2p
E[ﬁ(v H):2C'cosh—k—. (45)
H3 (43) u (44) naxomum, 41O
dv? B B? 46
dp - HQ ) ( )
H = Pksinh p:p , 47)
tie B2 P u p —- KOHCTaHTHl HHTErpupoBanus. CNeNoBaTenbHo,
B? p+p
2 _ N = 0
V2= N-—coth L, (48)

rac N — eme ofHa KOHCTaHTa HHTCIPHPOBAHHA.
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H3 (47) u (48) cnemyer, 4to

~

VZH? = (NP% sinh 2 : £ B?cosh %)ksinh pkﬂ : (49)

Huddepenunpyd 3Ty DYHKIMIO, HAXOIHM

%(W H2) = NP2ksinh 2(¢ + €) — B2 cosh2(€ +§€)
2 2
Ed;); (V2 H2) = 2N P2 cosh2(€ + €) — 2% sinh2(¢ + €)
rge .
P z_P
e=£, é=1%. (50)

CpaBHHBasi NOJIy4EHHBIH Pe3yJbTaT ¢ ypaBHeHHEM (45), 3aK1104aeM, YTO KOHCTaHThI HHTEIPH-
POBaHHA NOJIKHBI YIOBJIETBOPATH CJIEAYIOIHM YCIIOBHAM:

2 ~
N P? cosh 2€ — % sinh 26 = C? ,

2
N P?%sinh 2¢ — 5;— cosh2£ =0.

OTcrona HaxoAuM R A
B? = C?%ksinh26, NP?=C%cosh2¢. 62

IMonactasnag 3Ty 3#adeHns B (49), Haxonum
V2 H? = C?k?sinh(€ + £) sinh(€ — £) . (52)
Teneps, yunrsisas (42) u (47), HaXOIHM TPaBHTALHOHHYIO METPHKY B BHIE
Gab dzdz? =

= F2dp? + H*(d6? + sin® 8d¢?) — V2dt? =

— P22 [5-1d§2 + sinh?(€ + £)(d6? + sin? od¢2)] —C*P? =4i?, (53)

rac N
g - SnhE=8) (54)

sinh(£ + &)

Ha 60Ip1IHX PaCCTOAHHAX OT HCTOYHHKA, TO €CTh NpH OOMBIINX 3HAYEHHAX £, TPABUTALM-
OHHag MeTpuka (53) KOKHa aCHMIITOTUYECKH NPHOIHXATLCA K (DOHOBOH METpPHKE, 2 HMMEHHO,

K MCTpHKe
k2dg? + k2 sinh® £ (d6? + sin? 0d¢?) — c2dt? . (55)

Ortciopa crenyer, 4ro R
C=c, P=exp(-£). (56)
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PaccMarpuBasi HEPEIITMBHCTCKHH Mpefesi, MoJlydaeM

. M
sinh 2€ = 2 —7@ : (57)

3aMeruM, 4To HOHOBYIO METPHKY (55) MOXHO paccMarpHBaTh KaK HyleBoe npulnuxeHue
K rpaBHTalMOHHOH MeTpuke (53). IlepBsiM npuOamkeHueM K MeTpHke (53) ABdeTCa METpHKa

k2de? + k2 sinh® € (df? + sin? 8d¢?) — (¢* + 2U)dt? , (58)
rae M
=M p
v=" (1 coth k) . (59)

Bropeim npubnnxenneM K Merpuke (53) ABsieTcs MeTpHKa
k2d€? + k?sinh® € (d8? + sin® 8dg?) — c?dt? -

2U

- [kzdgz + k2sinh2€ (d6? + sin?8dg?) + czdtzJ . (60)
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ON THE FERMI-SURFACE DYNAMICS OF ROTATING NUCLEI

V.G.Kartavenko'®, LN.Mikhailov', T.I.Mikhailova®, P.Quentin’

Generalized virial theorems are written for rotating nuclear systems with intrinsic
currents. A set of dynamical equations of motion for angular momentum, inertia and
pressure tensors is obtained to study the collective vortical modes (e.g., modes including
the Kelvin circulation) in nuclear excitation and reaction processes. ’

The investigation has been performed at the Bogoliubov Laboratory of Theoretical
Physics, JINR and Centre &’Etudes Nucléaires de Bordeaux-Gradignan, CNRS-IN2P3,
Gradignan, France.

O munamuke depMH-HOBEPXHOCTH BPAINAIONIHXCA ATOMHBIX Aj1ep
B.I'.Kapmasenxo, H.H Muxaiinoe, T.H.Muxaiiroea, DP.Kanmen

Copopmynuposanel 0606UIEHHEBIE BUPHATbHBIE TEOPEMBI JJI8 BPALKAFOLUIMXCSA SHEPHBIX
CHCTEM PH HANTHYMH BHYTPEHHHX BHUXDEBbIX MOTOKOB. [loNyueHa cHCTEMA IHHAMKMECKHX
YpaBHEHUI XBUXEHUA JUTE TEH30POB YIIIOBONO MOMEHTA, MOMEHTa HHEPLHH W JaBIeHHS ¢
LIENbI0 W3Y4EHHS KOJUIEKTHBHBIX BHXPEBBIX MOX B030yxneHHs (B TOM YHCIIE C HEHYNEBOH
IupKynaudeit KenbBHHa) B SAEPHBIX peakUUAX U npoueccax BO30YXIEeHHS ATOMHbBIX SOep.

PaGora sbimonnena B Jlaboparopuu teoperideckoil duzuxku uM. H.H. BoronoGoea
OWAH n Henrpe no uayyeHwHo aToMHoro gapa, I'panuxsan, dpanuns.

Recent studies of collective nuclear motion (see, e.g., [1], [2]) show the limitations of
theoretical models dealing only with the coordinates describing the distribution of nuclear
matter in space (such as electric multipole moments). The motion of nuclear surface is
of course accompanied by the currents of matter, i.e., by a rearrangement of the particles
momenta. However, the role of the quantities determnining the distribution of particles in
momentum space depends on the dynamical conditions. It means that some of them must
be acknowledged as generalized coordinates kinematically independent of the coordinates of
a geometrical nature. One possible way to incorporate into the theory such quantities was
proposed in [3] in which the method of “virial theorems” initiated by Chandrasekhar [4] was
suggested for the study of nuclear multipole giant resonances and then generalized to the
motion of large amplitude for the study of nuclear fusion reaction [5].

1Bogoliubov Laboratory of Theoretical Physics, JINR, Dubna
2Laboratory of Nuclear Problems, JINR, Dubna
3CENBG, CNRS-IN2P3, Gradignan, France
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In the above-quoted references, the rotational motion was not considered. For a rotating
system of nucleons the single-particle Wigner distribution function looses its spherical sym-
metry in phase space due to the implementation of collective currents. Not only the shape of
a composite nuclear system, and its density distribution, but also the pressure tensor become
spherically asymmetrical. The importance of an explicit dynamical treatment of the latter
anisotropy has been pointed out in papers dealing with the fission {6] and fusion reactions [2].

Nuclear collective vortical motion may differ drastically from a traditional case of a
uniform rigid rotation with a constant angular velocity Q. Namely a local vorticity within
the rotating frame f (7)) = rotv(7,t) # 2¢! may appear. This naturally leads to an intrinsic
vorticity concept. Its usefulness in nuclear physics has been pointed out by various authors [7]
and some connections of these modes with current research in mesoscopic systems [8] and
nonlinear excitations {9] have been drawn.

In this paper we suggest the following way to analyze possible dynamical effects as-
sociated with the intrinsic vorticity. Within the mean-field approximation, we analyze the
evolution of one-body Wigner phase-space distribution function of the full many-body wave
function. We will follow the well-developed scheme using as the starting point the Vlasov
equation for the Wigner phase-space distribution function {10]

of © of 0oV of

= s e = =Ty, 1

ot " m o oF 9p M
with a “relaxation term” I,.; added to the kinetic equation to describe dissipation effects. The
quantity V(7,t) is the self-consistent single-particle potential which is assumed here to be
local, m is the mass of nucleon.

Out of the Wigner distribution function, virials at different orders can help one to extract
useful physical information from the total phase space dynamics. Integrating the initial kinetic
equation (1) over the momentum space with different polynomial weighting functions of the
P’ variable one comes, as is well known {3], {4], {11], to an infinite chain of equations for
local collective observables including the density, collective velocity, pressure and an infinite
set of tensorial functions of the time and space coordinates, which are defined as moments of
the distribution function in the momentum space:

e the particle n(7,t) = [ dp f(7,75,t), and the mass p(7,t) = mn(F,t) densities,

o the collective current and velocity of nuclear matter
o037 ) = [ a5 (o)

¢ the pressure tensor and the energy and momentum transfer tensors of different orders

- 1 . Lo
Pi(rt) = — /dpqiqu(r,p,t), 9; = p; — mu;,
- 1 . -
Py k(M) = —— /dp 9:95--q f (7,0, 1),
N , m N e

n £
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e and the integrals related to relaxation terms

/dﬁfrel = 0, /dﬁﬁIrel =07

1 o
Ri; - /dpqiijIreh

Truncating this chain at order two in ¢ one arrives at the “fluid dynamical” level of description
of nuclear processes.

dp a
% +;5x—k(ukp) =0, @)

D 2 alpl V
Ui + Z k + —/—)‘2— + p(Qz Zﬂkzk - szi)
k

s,
+ pZeisj(msuj + =) =0, (3)

5,7

—ﬂ + Z( au’+IP]ka +1P’~‘-9ﬂ>

6 Tk 4 6$k
+ 2zgm 5jmsIPis + 5imsIPjs)
.8,
8 oP;;
+ —u»,k=( J) , | )
; Oz, ¥ ot rel
JP;; 1
% = do a:aq:
( En )rel oy / D qiq;lrers
where the usual notation T% = 5 +Z Uy 5.~ is introduced for the operator giving the material

derivative, or the rate of change at a pomt moving locally with the fluid. The hydrodynamical
set of Egs. (2-5) describes an evolution of a rotating nuclear system. We consider two frames
of reference with a common origin: an inertial frame, (X;, Xs, X3), and a moving frame,

3
(z1,%2,73). Let z; = 3 T;; X; be the linear transformation that relates the coordinates,
i=1
X and Z, of a point in two frames. The orientation of the moving frame, with respect to
the inertial frame, will be assumed to be time dependent. Since T;;{t) must represent an
orthogonal transformation, the vector

_1 dT +
%3 j%:m%k (dt) Tonse

represents a general time-dependent rotation of the ¥ frame with respect to the inertial frame.
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Let us define integral collective “observables” (the integrals over the whole phase space
of one nucleon containing the distribution function appropriately weighted), namely an inertia
tensor J;;(t), the dynamical part of the angular momentum L;(t), the integral pressure tensor
I1;;(t) defined as

‘Ui]‘ = /dfzixjp, Hi]* = /dfﬁni]',
Lk = Zakij/df PTU .
nJ

The dynamics in terms of the latter “observables” is expressed by a set of virial equations in

the rotating frame
E.ﬂi]‘ + E Qk(QiJ]'k + Qj.ﬂik) —20 Jij

k
+ 2293 /dfpuk(6isk$j + €55k T:)
s,k
oW, — 2K,; — 2IL;

dQ,
Z "g(ﬁskl}kj + €556d1i) = 0,
s,k
dL, .
—Et_ + Z Ek]‘iQiQmJ]‘m -2 ZQS dar PULT s

i,j,m s
AN d
- Zs: ‘at—.ﬂks + E(Qk XJ:J]]) =0,

—IL; + Fy +2ZQS(5-iskaj +E]‘sknki) = Ry;,
s,k

- Bu]- Bui
]F'ij = Z/d’l‘ <Pika—$; +ij5$—k~ s
k
where the tensors of collective kinetic and potential energies, and the relaxation tensor are

K;; = /dfuiu]-p, W;; = /df:rj—gl{n,
T;

. [ OP;
/dz ( 5 )relxlx].

The above equations constitute a starting point for the study of the stationarity conditions and
dynamical properties of rotating nuclear systems. They provide a formal framework within
which the coupling of the deformations in the 7 space and in the P’ space can be explicitly
worked out. The development of a collective model on the basis of such equations is currently
in progress.

R

n
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I'PYIIIIBI CHMMETPHUH YITIEPOIAHBIX HAHOTPYBOK

BJI.Akcenos, H0.A.Ocunvan™, B.C.IIIax.uamoe‘ _

Hccnenosana CTPYKTYpa, W NIPEIOXEHB! IPYNITbl CHMMETPHH PaVIMYHBIX THIIOB Yrle-
POAHBIX HAHOTPYOOK. YIiepoaHble HaHOTPYOKM THma 3ursar (zigzag), (n,0), n — ue-
N0e YHCNO, MMEIOT JBE IPYNMbl cuMMeTpud, D), u DZ... nns HeuerHoro u wer-
HOrO 7T, COOTBETCTBEHHO. TpybkM THma crymeHbkd (armchair), (n,n), MMeIOT Takxe
nee rpynmbr, D3, u Di.,., KOTOpbe H30MODGHE! MPENBYIYIMM [PYITaM, HO OTIHYa-
IOTCS OT HHX OCHOBHBIM BEKTOPDOM TPaHCNSLMH BOOML OcH TpyOku. HaHoTpybku obiuero
tuma (n,m) (n > m 1 m # 0) HUMEIOT IPYIIbI CHMMETPHH D,'\’,I’ml, B Cllydae eciH
N = 2(n? + m? + nm)/(n — m) — uenoe 4ucio, a Uebie Yucia v’ U m’ oNpenensoT
OCHOBHOM BEKTOD TPaHCIIALIMH.

Pabora seimonHeHa B JlaGoparopuu Hefitponnoii ¢usnkn uM. HM. ®Opanka OUSAH.

Symmetry Groups of Carbon Nanotubes

V.L.Aksenov, Yu.A.Ossipyan, V.S.Shakhmatov

The structure of carbon nanotubes of different types is investigated, and the symmetry
groups of them are proposed. A carbon nanotube of zigzag type, (n,0), where n is an
integer number, has the DJ,, symmetry group or D32., group for odd or even n,
respectively. Tube of armchair type, (r,n), has also two groups, D3, and Dj,,, for
odd or even n, respectively. The latter groups are isomorphic to previous ones but are
different from them by the translation vector along axis of the tube. A nanotube of
general type (n, m) (n > m and m # 0) has the symmetry group Dl"\,”m/ if the number
N = 2(n? +m? +nm)/(n —m) is an integer. The basic translation vector in this case
is defined by the numbers n’ and m’.

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

B nocnensue rofsl HabmionaeTcs 3HAYWUTEIbHBIH MHTEPEC K HCCAENOBAHHK YIIEPOIHBIX
navoTpybok (YHT). 3T0 cBi3aHO KaK C HX HMHTEPECHBIMH (DHU3HYECKHMM CBOWCTBAMH, TaK
U ¢ 6ONBIIMMH BO3MOXHOCTSMH TEXHHYECKHX NPUMEHEHHH, HanmpHMep, B HaHOIEKTPOHHKE.
Otpnensyas YHT o6nagaer 1160 MeTainuecKOM, b0 MOJYNpPOBOIHUKOBOM IPOBOJMMOCTBIO
B CTPOTOii 3aBHCHMOCTH OT BEJIMYHHBI paguyca TpyOku WiM yrna cnupaibHocTd [1]. [Ipupona
3THX 3aBHCHMOCTEH B HacTOAILEE BpeMs HE ACHa.

*HDTT PAH, 142432, Yepuoroaoeka, Mockosckas o6,
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Xopolo H3BECTHO, YTO V14 ONMHCAHHA (PH3HUECKHMX CBOMCTB JMIOOBIX 0OBEKTOB CYIIECTBEH-
HYIO MTIOMOIIb OKa3biBa€T 3HAHHE HX CHMMETpHH. OIHAKO NOJHBIH CHMMETpUHHEIH aHanu3 YHT
[0 CHX MOp He nposelieH. B HacToslei paGoTe HCceIOBaHEL CTPYKTYPA M YCIIOBHS COBMECT-
HOCTH TPaHCIALHOHHOH M IOBOPOTHOH cumMmerpun YHT.

OrmnpenennM TpybKy ciemylomuM o6pa3oM. PaccCMOTpHM INIOCKOCTH, 06Magaomyo HeKo-
TOPO#l OHCKPETHON TPAHCIAUHOHHOH CHMMETpHEH. DTa CHMMETpHA 3alaeTC OBYMA OCHOB-
HbIMH HEKOJUITMHEAPHBIMH BEKTOpaMH a; H a (cM. puc.l). Jlio6oH BEKTOp TpaHC/HILMH
R = na; + may onpeznendercs B Gasuce BEKTOPOB {aj,as} ABymMa uncnamu (n,m). Tpybka
TAKXE NOJHOCTHIO ompefleriieTcs BekTopoM R, T.e. mByMs uncnamu (n,m) 8 BuGpannoM Ga-
auce {aj,az}. Hampumep, YHT (3,1) nomydaercs ¢ nOMOIIBIO «CKIEHBAHHA» [BYX Pa3pe3oB
TUTOCKOCTH BJO/Ib IYHKTHPHMIX JIMHHHA TaX, 4yTo6sI ToukH O u A cosnaiy, a Ta Xe npouenypa
«CKJICHBAaHHSI» JBYX APYTMX Pa3pe3oB IUIOCKOCTH, Np¥ cosnageHnn todek O u A’, npusoguTt
x YHT (4,2) (cM. takxe [2]).

Ha puc. 2a nokasana crpykrypa YHT (4,2). Kak BumHO U3 pHc. 2a, TpyOKy (4,2) MOXHO
TIOCTPOMTH C FIOMOMIBIO «HAMATHIBAHMS HA CTEPXEHb» ABYX YIIEPORHBIX HUTEH BRONDL Haripas-
JIEHHA ) WIH Y4eTHIPEX YIICPOIHBIX HUTEH BOJIb APYIOTO HanparineHns as (cM. puc. 1 u 2). H3
TaKOIO MOCTPOEHHA CMEMYeT, YTO B IMIHHAPHIECKOH cHcTeMe KoopauHar {y, p, z}, tae yron
0 OTCUMTHIBAETCS OT OCH X (CM. pHC.2), CUMMETPHIO TPYOKH MOXHO TIOTIBITATHCA ONKCATEH Ha
OCHOBE LMKJIMYECKOH IPynIbl OHCKPETHBIX NOBOPOTOB C 3JIEMEHTOM Ipynmsl (¢ | T), e @
—— TIOBOPOT Ha HEKOTODBIA KOHEYHBIH YroJIl BOKPYT OCH Z, a T — COIYTCTBYIOIUHH BEKTOP
TpaHCIALKK BROSbL ocu Z. Paguyc Tpybku p YHT (n, m) onpegensercs u3 GopMyssl

2
(%rp) = (n? + m? + nm), )]
rae a — IjuHa 6a3HMCHOro BeKTopa a; (WiH az).

PaccMoTpum onmy M3 wauGonee cummerpuynblx YHT. Ha puc.26 mokaszaHa cTpykrypa
YHT (2,2) THna CTyniespKH. BHIHO, 4TO IOBOPOT Ha yros 7 BOKpyr ocu Z, Ca = C? = Cy4-Cy,
. v uHBepcus, I, sBndiorcs sneMenTaMu cuMMeTpun 310l YHT. OCHOBHOH BeXTOp TPaHCIIAIHMH,
t (| t |= a), sunen u3 puc. 26. HUmeercs Takske anement cumMmerpun (Cy | t/2), cocrarnenspit
M3 TI0BOPOTA Ha Yrosi 7/2 BOKPYr OCH Z W CONYICTBYIOINETO BeKTOpa t/2, H IOBOPOTHI BOKPYT
YeTHIPEX OCEeH BTOPOIO NMOPANKd, KOTOPHIE MEPHEHAMKYJSPHEI OCH Z. DTH OCH 0603HAYUM
Uy, (Uz | £/2), Us 1 (Us | t/2). Ocu U, u U; napawienshnt ocaM X ¥ Y mexaprosoii
CHCTEMbI KOODIHHAT, COOTBeTCTBeHHO. CllefjoBaTenbHO, CTPYKTypa Ipynnsl cumMetpun YHT
(2,2) uMeeTt BHR

{B, (Cs1t/2), CF, (CT | t/2)} ® {E, Un, (U2 ] £/2), Us, (Us | t/2)}®

k ;
Q{E, I}Q{E, t,...,t" ...} Q)
3gech £/ — TOXOECTBEHHBIH 3/IEMEHT, @ — O03HAYaeT NPAMOE MPOH3BENCHHE PYIM, SIEMEHT
TPAHCJIA LMK tf! =t t.... t = kt. 3aMeTHM, 4TO OBOPOTHBIE 3/IEMEHTHI CHMMETPHH COCTa-

BIAIOT ToYeuHylo rpymny Dy, [3], mostomy o6o3HaunM rpynny cummerpun YHT (2,2) kax
D?,. Taxum o6pasoM, rpynnoi cuMmeTpus no6oit yetnoit YHT tuna crynenskm, (2n,2n),
n=1,2,3,..., ssercs rpynna D? -

{E, (Cin | £/2), Chpy- .o, (C7V [ 6/2)} @ {E, Uy, (U2 | £/2),...,(Usn | t/2)}®
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R{E, I} ®{E, t,...,t5 . ..} €l

Ly
sech Cy,, SBIAETCS NOBOPOTOM HA YTON 5 BOKDYT OCH Z.
AHanornyHsiil ananus s HederHod YHT tuna crynennky, (2n + 1, 2n + 1), maer cre-

OYRIYI0 CTPYKTYDY IDYHIIBI:
{Ev (02(2'n.+1) I t/2)7 C§(2n+1)a ey (Cg?g-;i_l) ‘ t/2)}®

{E, Ur, (U2]t/2),...,(Uszns1y | £/2)}®
A{E, (I t/2)} @ {E, t,...,t5 ...} 4)

OtMeruM, 410 B oTIHuHe OT (3) nHBepcus B (4) COMEPXKHUT CONYTCTBYIOLMHA 3JIEMEHT TPaHCIIA-
1
umd t/2, nosroMy 0603HAYMM DAHHYIO TPYIIY KaK D2(2n+1)h.
Hanee paccvorpum VHT rtrma sursar, (n,0). AHatu3 CTPYKTYPBI IPHBOLKT K (pPyIIIaMm,
KOTODBIE SBNFIOTCS H3OMOP(HBIMH IpYIInaM D%(?n +1p M Dg(%) p» OOHAKO B NaHHOM cJlyyae
OCHOBHOH BEKTOp TPAaHC/ISALHH paBeH v/3t, a CONyTCTBYIOWIMA BEKTOP JUI8 NOBOPOTHBIX 37l€-

MEHTOB CHMMETPHH (M HHBEPCHH) PaBEH _\g_g t. Mz-3a paznuuus B TPAHC/IIIKOHHOH CHMMETPHH

3 4
0003Ha4KM 3TH IPYNIbl CHAMMETPHH D2(2n+1)h H D2(2n)h’ COOTBETCTBEHHO.
Hanee paccMotpuM cummerpuio YHT (n,m) obwero Tina, roe n > m 1 m # 0, a yron

cnupansioctd U (cM. puc. 1) paseH

mv3

m+ 2n

®)

¥ = arctan

Tak xax MHBEpPCHS MEHSAET YIOJI CIMPaNbHOCTH Ha MPOTHBONOIOXHLIH, OHa He ABMISETCH 3Jle-
MeHTOoM cuMmeTpud YHT obiero Tuna. 3aMerum 3nech, uto mig YHT Tuna crynensku (n,n)
yron cnupansHoctH ¥ = 7/6, a TpyOka obiranaer cuMMeTpHedi 10 OTHOIIEHHIO K UHBEPCHH B
pe3ysibTaTe TOTO, YTO YIO/I MEXIy Ga3sUCHBIMH BEKTOpaMH a; M az paseH 7 /3.

Ins YHT (4,2) (cM. puc. 2a) UMEIOTCS CIICAYIOUIME JIEMEHTbI CHMMETPHH:

{E, (Cos | 7). (Cos | 7)%,. - (Cos | )P} @ {E, Uy, (Un ] 7),--, (Us | 727)}®

R{E, t,...,tF ...}, (6)

3nech (Cag | T) — ABILETCS 06PA3YIOUMM IEMEHTOM HHKIMYECKOH Py Hopanka 28, + —
ARIAETCH COMYTCTBYIOIIMM BEKTOPOM TPAaHC/ALMH, | T |= @+/27/28, a t — OCHOBHOI BekTOp
Tpancauuu. B Gasuce BexTopoB {a;, ap} 3TOT BexTOp 3amucHBaeTCs Kak t = (n',m’) =
= (4, —5). Uensie uncna n' ¥ m’ 4BNAI0TCI HABMEHBLIHMHE 110 MOLY/IIO LEIBIMH YHUCTIAMH,
KOTOPHIE YAORIETBOPSIOT CIIEAYIOLIEMY YPABHEHHIO

n'(2n 4+ m) + m’(n + 2m) = 0. )

W3 dopmynsi (7) crengyeT, u4to netisie yucha n’ M m’ UMEOT pa3Hble 3HAKM M YTO BCETHa
HMeeTca OueBMIHOe pewenne, 7' = (n+2m) n m’ = —(2n-+m), xotopoe u Gyner TpebyeMbiM
pelllenHeM, eciin uucna (n + 2m) u (2n + m) ne UMewT obwuX MHOXHTesel. [10BOpOTHHIE
3/IEMEHTBl CUMMETPHH (6) HalOMHHAIT TOUYeYHbie Tpymnsl [),,, KOTOpPHE HCIIOIB3YIOTCA B
TEOPHH CHMMETDHHM TDEXMEDHBIX KpHCTamwioB [3), mozToMy rpynny cummerpuu YHT (4,2)
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MOxHO 0003HaYUTh KaK D;g{s. 3nech HHXHUH MHAEKC YKa3blBaeT Ha MOPSAOK HHKIHYECKOH
TIOATDYTIIbY, @ CJIOXHBIA BEPXHHI HHACKC OlNpenesseT OCHOBHON BEKTOp TpaHCHNuK (B Hazuce
{a1, az}) Broms ocu Z.

YHT (n,m), n > m 1 m # 0, AMeeT CeNyoIHe WIEMEHTH CHMMETPHH!

(B, (Cw | 7), (O |7V, (O | N @ (B, Uy, (2 7)., (U | 7V )
®{E, t,...,tk,...}, ®)

Tlopsnok upkmuyeckoit noarpynst B (8) pasen N, ecniu N — yenoe yucio, N = 2(n2 +m2+

+am)/(n—m), | T |= a(n+m),/sxrimy, t = (n/,m’) — ocHoBHOI BeKTOP TpaKCIAIIMH,
a HaHMEHBIIHE 1O MOAY/IO UeJIbie YHCTa 7’ W m’ YIOBIEeTBOpAIOT ypasHenHio (7). CuMBOI

@TO IPYHIBI MOXHO 3alIMCATh KaK Dﬁ’m’.

CcpopmynupyeM nosydeHHbie pesynsrarsl. Ha ocHoBe anamusa ctpykrypst YHT npemio-
XeHbl TPYNIbl CHMMETPHH 3THX 06BekTOB. IloBOpOTHBIE 9neMenTs! cuMMeTpu YHT moxoxu
Ha JIEMEHTH! TOYEUHbIX rpynn D, u Dyj, KOTOPblE XOpOLIO U3BECTHBI B TEOPHH CHMMETPHH
TPeXMepHBIX KpUCTawioB [3]. ONHAKO B OTVIMYHE OT KPHCTALUIOB, TPAHC/ALMOHHAS CHMME-
tpust YHT aznserca onsomepro#t. YHT (n,0) onuceiBaiorcs rpynnamu cumMetpuu D) . win
D2 ,.a YHT (n,n) — D3, wi D} ,, % HEYETHOrO U YETHOIO N, COOTBETCTBenHO. YHT

obwero tTuna (n,m), n > m U m # 0, ONHUCHIBAIOTCA [PYHNAMH CHMMETDHH Dzl’m', Jeuit
N — nenoe yucno, N = 2(n? +m? +nm)/(n—m), a HauMeHBIIHE IO MOMYJTIO LEJTHIE YUCIIA
n’ ¥ m’ ynomieTBops0T ycinoBuw n'(2n + m) + m'(n + 2m) = 0 ¥ ONpenensT OCHOBHOM
BEXTOp TPAHCILMK BROMb OCH TpyGkH, t = (n',m’).

Pabota Bhimo/HEHa B paMKaX MPorpamMsl «®Dysulepersl U aTOMHBIE KJIACTEPBI», TPAHT
Ne 20002. '
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H3TOTOBJIEHHUE BOJBIINX OBPA3IIOB ADPOI'EJIA
JUOKCHIA KPEMHHA B 37-THTPOBOM ABTOKJTABE
M UCCIETOBAHME ET0O OIITHYECKHX CBOMCTB

IO.K.Axumos, B.H.3pe./'l08,’ A.C.Mouceenxo, A.H.Iy3eenun, C.B.Dunun,
A.H . Dununnos, A.I1.Pypcoe, 10.H. Xapkees, A.H.Uypun,
K.Ecenax*, JI. Kyxma*, A.Pyxuuka®, B.Datunop*

B cneuunansyo obopynosanHoM noMewienuu Jlabopatopun snepusix npobnem OHAW
BBEfleH B AeHCTBHe 37-NATPOBBI aBTOK/IAB, C [TOMOLILE® KOTOPOMO H3roTaBIHBaIOTCH
Gonsiue 06pa3libl asporesis AMOKCHAA KPEMHHS L4 paliHdaTOpOB YEPEHKOBCKMX CHET-
4MKOB. BbUTH H3roTOBNEHB HECKONbKO 0Opa3noB asporens Kak B ¢OpMe AHCKa AHa-
merpoMm 214 MM, Tonumuod 30 MM, Tak H B ¢OpMe KBaNpParHbIX IUIACTHH Da3MEPOM
170 x 170 x 30 MM M ¢ noKa3aTeJIMM NPEJIOMIEHMS COOTBETCTBEHHO N = 1,064 u
1,030. HMamepenHoe Ha KOCMHYECKHX YacCTHIAX CpelHee YMCIIO (hOTOINEKTPOHOB B ue-
PEHKOBCKOM CHETYHKE C panuaTopoM B copme aucka ¢ n=1,064 cocraBwio ~ 5.

Pa6ora Beinondena s JlaGopatopun spepuunx mpobnem OHAH.

Production of Large Samples of the Silica Dioxide Aerogel
in the 37-Litre Autoclave and Test of its Optical Properties

Akimov Yu.K. et al.

37-litre autoclave for the production of the silica aerogel used as the Cherenkov
counter radiators has been put into operation at the Laboratory of Nuclear Problems of
JINR. Some silica aerogel samples of rectangle shape 170 x 170 x 30 mm in size and
cylindrical ones D = 214 mm, H = 30 mm in size with respective refractive indices
n = 1.030 and 1.064 were fabricated. The measured mean number of the prohoelectrons
produced by the cosmic particles in the Cherenkov counter with n = 1.064 aerogel as a
radiator turned out to be about 5.

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

1. BBEXEHHE

B TeyeHue MHOIMX /€T adporesib AMOKCHAA KPEMHHS (adporeib) YCMEUIHO MCTONb3YETCH
B YEPEHKOBCKHX CYETYHMKaX B XauecTe paamaropa [1]. 3to 06ycnomneHo npexne Bcero

*YuusepcuteT uMm. Komerckoro, BpaTtuciasa



Axumoe IO.K. u 0p. Hszzomoenenue Gonviuux o0pasyoe aspozens 49

BEJIMYHHAMH €ro nokasatess npejomnenns n = 1,007 — 1,1, yTo sBIgeTcd MpoMeXyTOYHBIM
MEXy 3HaYEHHAMH 70 TAKHX PalHaTOPOB, KaK CXaThble Taski H KPHOTCHHbIE XMIKOCTH.

B mactosweid paboTe NpHBOIATCA pe3y/bTaThl, JOCTHIHYTHIE MIPH M3MOTOBRJIEHHH GOMbLIKMX
o6pas1os asporesis B 37-THTPOBOM aBTOKIIABE, KOTOPHBIH OBUI NONyMeH HaMH B paMKaX HAYIHO-
TEXHHUECKOro coTpyfHnyectsa n3 HUAD r. Bonoren, Hranud. Astoknas 6|>u1 YCTaHORBJIEH B
CHeLHaTbHO 060pyIOBaHHOM NabopaTOpHOM MOMEIEHHH.

[IpoBeneHb! HECKOJIBKO ONEpanuil CYIKH anKore/d, B Pe3y/bTaTe KOTOPBIX H3rOTORIEHB
o6 pasupt asporess TowuHoM 30 MM B opMe KBaIpaTHBIX IUIACTHH IWIomamslo 170 x 170 mm?2
¢ n = 1,030 1 gucka anamerpoM ¢ 214 MM ¢ n = 1,064. IlpH ¥X H3rOTORJIEHMH LIHPOKO
UCTIONB30BAICA OIBIT, HAKOIICHHBIH HaMH npu paboTe Ha ORHONMTPOBOM aBTOKNaBe [2].

TpoBeneHbl H3MEPEHHA MPO3PAYHOCTH M NOKasaTesieil NpesoMIeHHs 00pa3iioB, a Takxe .
cpenHero yucia (poTORNEKTPOHOB Ha KOCMUYECKHX YAaCTHIAX B a3pPONE/IBHOM YEPEHKOBCKOM
CYETYHKE.

2. TEXHOJIOTHYECKUI NPOIIECC H3I'OTOBIIEHHS ADPOIEIA

HarotoBneHne asporesisi HAYHHAETCA C NMPHIOTORJICHHA AIKOress OMOKCMIA KPEMHHS C
TIOMOMIBIO OPTOXPeMHHEBOI kUcToThl Si(OH)4, xoTopas Gnaronaps cBoed HecTabGwibHOM HpH-
poIe JIErKo IOHMEPH3YETCA M KOHIEHCHpPYeTCA B IBYOKHMCb KpeMHHs B (hopMe KOJUTOMIHBIX
gactul, obpasys renb. Cama xe Si(OH)4 nomydaercsa mpM rmpponuse TeTpaMETOKCHCHIaHa
Si(OCHj3)4. Tak xak MOCNEAHHH B BOJE HE PAacTBOPAETCHA, TO €r0 PaCTBOPAIOT B MeTaHose
CH3O0H. [Ina yckopenus npouecca obpa3oBaHus el HCnob3yercs Karanuzatop NH4OH.

TakuM o6pa3oM, reabr AHOKCHIa KPEMHHS MOJIYYaeTCsd B PEaKLHAX:

NH4OH

Si(OCH3)4 + H,0 Si(OH), + CH;0H, 0

Si(OH)4 — Si02 + 2H-0. 2)

Komronansle wacThlibt B peaxuns (2) npeactabnaioT coboi cgepryeckHe obpa3opaHnd u3
SiO; anameTpoM ~ 4 HM, COEMHEHHbIC MEXTY CODOl B LIEIOYKH OCPEICTBOM CHIIOKCAHOBOM
(S1-0O-Si1) u runpoxcunbHoi (OH) ca3eit B Bune TpexmepHoi cerku, 06pa3sys ankorens. Ilops
Mexny yacTulamu pasmepoM 40-100 HM 3aTIOJIHEHBI METAHOJIOM H BOLOH.

HenocpencTBerHo nocie peakimy (2) aikorenb A0BONBHO Markui. Hekoropoe ero 3aTsep-
AeBanue HauuHaercd cnyctsd 1-2 yaca nocne Hayala peakunH (2), a NONHOE — MPOMCXOIUT
3a 7-10 gHeil. B TeyeHne Bcero 3Toro BpeMeHH wIKOIeb B CMIEHHaIbHOMA popMe U3 HepXage-
IoLIeH CTa/lH BHUIEPXHBAETCS MOJ CJIOEM METaHOJIA TIPH KOMHATHOH Temneparype. IIpH aToM
OCHOBHad 4aCTh BO[BI, COlepXallascd B IIOpax aiKoreJis, NEPEXOAUT B METAHOI.

3apeplUaioUIHM 3TANOM TIPOLECCa UTOTORICHHA asporesis SBIAETCH CYIIKa alnkoresd, NMpH
KOTOPOiHl H3 HOp MEXIy HacTHUaMM YOIMIOTCS METAHOJ H OCTaTkH Bogel. ToDbI cymixa
npoxoawia 6e3 pa3pyLICHHs TIOPHUCTOH CTPYKTYPhI AIKOIEJIS H3-3a OBEPXHOCTHOIO HaTAXEHHA
H KaOWUISPHBIX CHJI, €€ IPOBOASAT NPH TeMNEpaType ¥ JaBieHHH, NPeBbILIAIIINX KPHTHYECKYIO
Touky Metanona (Typ, = 240°C u P, =~ 80 kr/cM?).

Takoii npouecc CyIiKd OPOBOAMTCS B CNIENMa/IbHOM COCYIE — aBTOKJIaBe, B KOTOPOM CO-
3[AKTCH 3TH YCJIOBHSA. YCTPOHCTBO aBTOKNABAa MOKA3aHO HAa PHC. 1. ABTOKNAB NpPEACTaBISAET
c060ii 11e/IbHOKOBaHbIH TOJNCTOCTEHHBIH cOCYAl (TOJIIMHA CTEHOK COCyla ~ 75 MM) LUAJIMH-
IpHyeckKoii hOpMbl U3 HEpXaBEIowWeH cTand, CHabXEHHBIH KPBILKO#H (2), YIUIOTHIEMOH 6 MM
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IPOKIIANKO# M3 anioMunua. BHyTpeHHui nMameTp asroxnasa cocTasnseT 300 MM, eMKOCTE —
37 1. PaBouee GaBjIeHHE H TEMIIEPATYpa BHYTPH aBTOKJ1aBa PaBHBI COOTBETCTBEHHO 120 kr/cm?

H 260°C
K nyneTy ynp. P72 - 000t Z}/»@ 9

{6A-101) K nynbTy

A
\\
5 —_
3—_} d
7
2 - 3042 10 xw \ /
a £’
: /
2 ] 3-30Ha 10 kw XX
0
> [
; 1- 3012 10 xw 5 AR
T0-1
3 T1-3 K nyneTy
m-2| Y™
3
Puc. 1. Cxema ycraHoBku: 1 — xopnyc, 2 — Kpblilika, 3 — ne4d (Harpesarenn), 4 — Terviopacnpe-
HenuTens, 5 — TepMowusonauns, 6 — Gawnod, 7 — TeroobMmennnk, 8 — cbopuuk cnupTa, 9 —
npeoxpaHxTenbHas MeMOpana, M1-M4 — matiomerpnl, B1-B6 —- sentnnn, I1IK ~ npyxununsii npe-

AoXpaHuTenbHblit kianad, P721-0001 — anekTpH4YecKuit faTyHK NaBleHHs

CHapyxH Ha KOpIyc aBTOXJaBa (1) HampeccosaHa TEIUIOpacmpefesiqioilas Hacaaka H3
amomocepeOpsaHOTO crasa {4), B KOTOPOH Ha pasHbIX YPOBHAX pa3MelllcHBl HarpesaTen (3)
H TpH TepMonapel. B Tpy6kax, BBADEHHLIX Ha KPBILIKE, PA3MELLIEHBI €LIE TPH TEPMOMNAphl s
H3MEPEHHs TeMIIEpaTypbl BHYTPH aBTOxJ1aBa. Kopiyc aBTOK/1aBa NMOMEUIEH B TEIUIOH30ISLIHOH-
HBIH KOXyXx (5). B ycnoeuax paoTbl aBTOK/1aBa pacClpeleficHHE TEMIEPATyphl BHYTDH HEro
6bUI0 HOCTATOYHO ONHOPOIHBIM.

Ha KpbliKe aBTOKJ1aBa YCTaHORJIEHa NPENOXPaHUTE/IbHAS APMATypa M3 MOCAEAOBATEIBHO
pacrionoxeHHbIx MeMOpanbl (9) u npyxuHHoro knanaHa I1K. 3nech Xe CMOHTHDOBaHbI: BEH-
THIb Bl — [HCTAHUMOHHBIA 3JIEKTPOYIPARISeMblil KJlanaH perynapyeMoro c6poca naB/eHHs
MmaHoMeTp M1 H 31MeKTpMYECKHH NaT4MK NABIEHHSA Ul M3MEDEHMA NAB/ICHHA BHYTPH aBTO-
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Kn1aBa; BeHTWIh B2, yepes xoTopbii aBTOX/1aB NPOXyBacTCA MHEPTHBIM ra3oM w3 Gaiona (6)
1A BHITSCHEHHA BO3AyXa M3 oGbeMa aBTOX/IaBa 0 Hauala CYIIKH M NApOB METaHOMNA YIOCTIe
3aBEpIUCHHA CYWIKH. BrITeCHIeMBIH NIpH 3TOM ra3 uepes BeHTWIb B3 cOpachiBaeTcd B BEHTH-
JIAHOHHYIO TpYOy.

ABTOKJIaB B COOTBETCTBHH C YCTIOBHAMH ¥ TPeGOBAHHAMH €TI0 SKCIUTyaTalMH GBUY yCTaHO-
WIEH B CENHaTbHO 060PYAOBAHHOM NOMEUIeHHH Kiacca 1 BB. Ynpasnenne paGoroit aBTox/1asa
BO BpEMS CYNIKH HPOH3IBOIHTCH 0OCIYXHBaIOIHM [IEPCOHAIOM H3 OTREIBHOTO MOMEIEHHS.

Hocne HeoOXOMMMBIX MOATOTOBHTENBHBIX PaGOT NPOBOAMTCS HATPEBAHHME ABTOKIIABa, T.C.
CyWKa anKoreys. THIOBOH pexHM CymIKH npHBeleH Ha puc. 2. OH GbUT pacCyMTaH Ha OCHOBa-
HHH JAHHBIX 110 M3MEHCHHIO IUIOTHOCTH H BA3KOCTH METAHONA B 3aBHCHMOCTH OT TEMIIEPATYPSI.
Ipu aTOM BpeMeHHO# MacmTal mpoliecca GbUY ONTHMU3MPOBAH 3KCTIEPHMEHTANILHO HA OHO-
JIHITPOBOM aBTOKJIABE.

Becs npouecc cyniku 3aauMaeT oko10 40 4acos, N0 3aBEPIICHAN eI0 ATKOIeNTh pespala-
€TCs B asporesib. Bruin M3roTomnens: TpH GoMblIHX 06pa3La avporeNns, IBa U3 KOTOPHIX HMEIH
¢opMy kBanparHoit rwiacTinsl 170 x 170 x 30 MM ¢ TokasaTeneM npeomiehns n = 1,030 u
OIMH — OpMY IHCKa C ¢ 214 MM TonmuHOlM t = 30 MM ¢ . = 1,064.

Hocne nposenenns CymKn B nopax asporesis BCE €IlEe OCTAeTCs HeGOMbHIOe KOJIHYECTBO
MeTaHona ¥ Boabl. [lis ynaneHus X MPOBOAMTCS €ILlE ONMH MPOLECC — OTXHT a9POreNd, [pH
KOTOpOM obpasell nopeepraercd IwiaBHoMy HarpeBaHuw 1o 400° C u nocnenyoiueMy oxiaxmne-
HHIO B TeyeHHe ~ 10 yacos.
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Puc. 2. PexuM cywiku ankorens

3. UISMEPEHHUE ONITHYECKHX XAPAKTEPHUCTHK ADPOTEIA

OnHoit M3 BaXHEHINX XapaKTEPHCTHK a3poOre/ly KaK PaluaTopa YepPEHKOBCKHX CYETYHKOB
SARISETCS €r0 MOKasaTeNlb NPEOMICHHS N, KOTOPbIH ONpEneNieT MOPOroBYHd KHHETHYECKYIO
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SHEPrHIO Eyqp 3apaxeHHOi yacTHubl. B yactHOCTH, npu n = 1,064 Eqqp mna m-, K-Me30H08B
¥ MPOTOHOB paBHBI cooTBeTcTBeHHO 281, 995 m 1891 MsB. [lokasaTens MpesioMIEHHS n
ONpeneJIseT TAKXKE KOJHUUYECTBO (POTOHOB, HITYYaeMBIX 3apsAXEHHOH YacTHIEH B pamuaTope.
3uanue ero HeoOX0OMMO NPH NPOEKTHPOBAHHH YEPEHKOBCKHX CYETYHKOB, MOCKOIBLKY OH BXO-
4T B (POpMYNY IUIS pacyeTOB OXHIAEMOro uucia ¢oToanekTpoHoB N.. Tak, N, B cueTiyuke
¢ INUHOH panuartopa L paBHo [4]:

NE:AL<1 ! ) (3)

- n2 32

3neck 3 — CKOpOCTb YacTHUbE, A = 27ar f;f n(A) - €(A, L)R(N\) %, rme a = 35 — no-
CTOSIHHas TOHKOH CTPYKTYPbI; A\] U A2 — IPaHHYHbIE UIMHB! BOIH 0OIaCTH 4yBCTBHTEJIBHOCTH
Hcnoab3yemoro potroymMHoxutens (PBY); 1, , R — cOOTBETCTBEHHO KBaHTOBas 3(pexTHB-
HocTh PBY, KoathbHLUHEHT noTepH CBeTa B pafgHaTope, Ko3(hPHLUEHT OTpaxXeHHs 3epKana.

[Moxazarens npenomnenus oOpasloB asporens B popMe KBadpaTHbIX NUIACTHH H3MepsIcs
Ha rondomerpe ['C-5 TpanHUHOHHBIM METOIOM [0 YNy HAHMEHBLIErO OTK/JIOHEHHS H COCTaBHI
n = 1,030 £0,001.

Jing obpasua asporens B hopme HMCKA HCNONB3OBATICA
OpYrod METOI H3MEPEHHS 7, OCHOBAHHBINR Ha NOJTHOM BHY-
TpeHHeM oTpaxeHud ([IBO) nyya (Ne—He)-nasepa, Ha-
NpaBICHHOIO NO KacareJbHOH K OGOKOBOH NOBEPXHOCTH
obpazua (puc.3). M3 aroro pucynka HETpyIHO MOJIY4HTDH
COOTHOLIEHHE

n=n,/y/1~(L/D)2, (4)

rie D — nuaMetp obpasua; L —— MIHHA XOPABI Jiyda, UCIIbI-

taBuwero IIBO; ny — noka3saress MpeloMIEHHS BO3IyXa.
B pe3ynbTate MpoBENEHHBIX H3MEpeHHH OBUIO MOIYYEHO
b n = 1,064 +£0,02.

BaxHoill xapakTepHCTHKON asporess sBIgeTcs €ro
npospadHocTs. [Ing ee oueHxu Ha cnexrpoMerpe CO -
Puc. 3. Cxema wuaMepenus noxasza- 406 ObUla M3MepeHa KpuBas MPONMYCKAHHS CBETA OTOXXEH-
Tens npenomiieHHs  Ha obpajue  HpiM 00pa3lioM asporesis B (OpME KBaAPAaTHOH ILIACTHMHBIL.
asporens B OpME nucka ¢ 214 MM otorpacus obpasiia npuBeneHa Ha pHC.4, a KpHBasi 1IpoO-
uit=30 MM NyCKaHWs — Ha pHC. 5 (xpHBas 1). Ing cpaBHeHHs Ha no-

CJICIHEM PHCYHKE IPHBEJEHBI TAKXe JaHHbIE Ipyrux pabot
[5-7]. Kak BuaHO, M3roTORIEHHbIH HaMM 0Opasel o6agaeT AOCTATOYMHO XOpoied npo3pay-
HOCTBIO.

Wsmepenus cpennero uucsia (oroanekTpoHoB (Ne) MpPOBOAHIACH HA KOCMHMYECKHX 4a-
CTHLIAX Ha YCTaHOBKE, ONUCaHHOH B paboTe [3], OCHOBHBIM 3JIEMEHTOM KOTOPOH ABIAETCH
4epEHKOBCKHIH CYETYHK, II0Ka3aHHbIH Ha pHC. 6. YepeHKOBCKHH CUETYHK pacnosiaraics MexXiy
IBYMS CUHHTWUISIMOHHBIMH CYETYMKaMH, KOTOpHC ObUIH BKJIIOMEHBl Ha COBNANEHUS M BbI-
pabaThiBaId «BOPOTa» MPH [POXOXICHHH 4€pe3 HHX KOCMHYECKOH dacTuubt. CHrHamel ¢
agpOresIbHOIO CYETYHMKA, NONaNaBUIE B 3TH «BOPOTa», AHATM3MPOBATHUCH MO aMIUIHTYAE Ha
NEepPCOHANLHOM KOMINBIOTEPE.



Axumos I0.K. u op.

H3zomoenenue Goavuux obpasyoe aspozens

53

Puc. 4. ®ororpadus otoxxenHoro obpalia B ¢opme ksanpathoid mactddsl 170 X 170 X 30 MM ¢
n = 1,030
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Puc. 5. Kpusnie nponyckanmna ceeta T'(A) B 3aBMCUMOCTH OT [IMHBE BOJIHB B pa3Hux obpasuax asporens:
1 — Haw oBpaseut 170 x 170 x 30 MM, n = 1,030; 2 — obpaseir u3 KEK ¢ = 23,3 MM, n = 1,028 [5];
3 — obpaseu u3 KEK t = 20 MM, n = 1,029 [6]; 4 — obpaseu u3 Airglass ¢ = 30 mm, n = 1,030 [7}
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Puc. 6. Cxema yepeHKOBCKOIO CYETHHKa: | — aMOMHHH3UPOBAHHBIH Mainap, 2 — a3poresib, 3 — LMIHH-
APHUYECKOE 3epKao, ¢ — KOHHYECKOE 3ePKAI0, 5 — (hOTOYMHOXHTENb, 6 — KOXYX DOTOYMHOXHTENS,
7 — KOPpIIYC CYETYHKE, 8 — BLIXOXHOE OKHO

KOHCTpyKIMs YepeHKOBCKOIO CueTYHKa ObUIa pacCYHTaHa Ha KBaJpaTHEIE 00pa3ibl [WIO-
magsio 70 x 70 MM?, M03TOMy IpH HCOBITaHHAX 06paizna GONLIIMX PasMEPOB B ATIOMHHH3H-
poBaHHOM Maiinape (1), koTopsiM Obu1 06epryYT 3TOT 0Opasell (2), BrIpe3aJiCch OKHA TAaKOR XKe
IIOUIAH: OHO — HANPOTHB CepenuHbl 00pa3la, K emle JBa — B NepUEPHIAHBIX 001acTAX
CO CHBMIOM OTHOCHTEJbHO IleHTpa Ha + 70 mM. Ilocrnennue gBa OKHa MCHONL3OBAIMCH NPH
H3MEpPEHHH OXHOPONHOCTH CBETOBEIXOfa H3 00paslia.

DOTOKE! YEPEHKOBCKOIO MITYy4eHHs!, BOIHHKABIUHE B a3porelie OT KOCMHYECKHX YacTHIL
{~ 75% KOTOpBIX COCTARIAIOT K-ME30HH), MONANA0T Ha WHInHAPHYeckoe (3) ¥ Janee KOHH-
4yeckoe (4) 3epkana u cobuparotcs ka ortokarose doroymHOxuTens DY XP 4222B (5).

H3Mepernble TakiM 00pa3oM CHEXTPHI aMIUIMTYA CHrHaioB ¢ MDY, neTeKTHpOBaBLIETO
cBeT oT ofpa3i@a asporeis B thopMe OUCKa, H300paxeHBl Ha pHC. 7a,6,8, TIPH 3TOM pHC.7a
COOTBETCTBYET LAaHHBIM, IMOJYYCHHBIM M3 LECHTPaIbHOH 001acTH, a [Ba JPYrHX DHCYHKa —
AaHHBIM ¢ nepHcdepult. [l cpaBHEHHs Ha pyc. 72 NPHBOAHTCS CNEKTP, MOJYYEHHBIH C MaIOro
o6pasua auaMeTpoM 70 MM B TONIIMHOK 29 MM ¢ . = 1,054, N3rOTORJIEHHOTO B OOHOJHTPOBOM
aBToKJaBe [2].

KannbpoBka KaHalOB B 3THX CHEKTPax MpPOH3BOAMIACH C NOMOILBI0 HCTOYHHMKA CBETa
cnaboii MHTEHCHBHOCTH, CHEKTD MMMYNbCOB KOTOPOrO NpHBEAEH HA PHC.8, I OTYETIIHBO
BHAHB 3 nuxa. IlepBstil MHK (neBbiid) 0OYCIORIEH IIbEZECTAIOM, a8 BTOPOH M TPETHA NHKH
COOTBETCTBYIOT PErHCTpaliMH OOHOro M JBYyX ¢OTO3IeKTpoHOB. Llar Mexmy 3TUMH nHKaMH
cocTaBnsieT 35 KaHaJIOB, YTO CIYXHIO Mepoii Ui IlepecyeTa aMIUTUTYI CEeKTPOR OT asporesis
B yucno POTOBNIEKTPOHOB.

IIpoBeneHHBIA aHAIM3 N0Xa3bIBAET, YTO B YEPEHKOBCKOM CUETHHKe ¢ 00pazuoM ¢ 214 mM,
t = 30 MM obpa3syerca B cpenneM 4.9 pOTORNEKTPOHOB M YTO HEONHOPOZHOCTb CBETOBOIO
BBIXOMa M0 [omwand obpasua He npesbuiaetT +5%. Jlng cuerumka ¢ obpasuoM ¢ 70 Mm, ¢ =
29 Mm (Ne) okaszanocs paBupiM 4,1. OnHaKo Takas passuila B CpeIHEM yHcie hOTOTEKTPOHOB
BroJiHe OOBSCHHMA pa3iHudeM B NOKa3aTelIsiX Npeomienus n 6onbmoro 1 Manoro o6pasuos.
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HeiicTuTensHo, ecnd {Ne)=4,1 npu n=1,054, ro npu 1,064 dopmyna (3) maer {Ne)=4, 8.

(a)

Yucno orcueros

0 100 200 300 400 500
Homep Kkanana

Puc. 7. CnexTpsl cursanos ot obpazua asporens B ¢opme ancka ¢ 214 MM, ¢ = 30 MM c n = 1,064
W3 pazIHYHbIX ero obnacreil: @ — ueHTpansHas obnacts; 6 1 ¢ — nepHgepHitHbie 061aCTH, CIBHHYTHIE
OTHOCHTENBHO LigHTpa 00pasiia Ha 70 MM; 2 — CNEKTP CHIHAJIOB OT Manoro ofpasua asporens pasMepoM
¢ 70 MM, £ =29 MM cnn = 1,054

TakuM 06pa3oM, pasnH4us B CBETOBBIXOAAax GONBIIOro H Majoro o6pa3loB NpaKTHYECKH
HET.

4. 3AK/IIOYEHHE

B cneuuansio 060pyRoBanHOM NabopaTopHOM MOMEUEHUH YCTaHOBIEH 37-NTUTPOBLIH aB-
TOKJIaB, B KOTOPOM H3IOTORIEHB HECKONbKO Gonpluux obpasuos asporens B opMe KBampaT-
HBIX TIAacTHH pasmepoM 170 x 170 x 30 mM c moxasatenem mpejomnenus 1,030 u mucka
auamerpoM 214 MM u tomunuod 30 MM ¢ n = 1,064, O6pasus asporens o6nagamoT aocTa-
TOYHO XOpOlleH [IPO3PaYHOCTHIO.

Cpennee yucno ¢oTosnexTpoHos, 06pa3yeMbiXx KOCMHUECKMMM YaCTHIAMH B YEPEHKOB-
CKOM CYETYHKE C PamHaTOpOM B hopMe mucka, coctaBwio {Ne) = 4,9. IIpH 3TOM CBETOBLIXOZ,



56 Axumoe IO.K. u dp. Hzzomoenenue 6onpwux o6pasyos aspozens

18000 ~

15000 -
12000 -
8000 S

6000 +

Yucno oTc4eToB

3000 J

0 2 po e et
0 50 100 150 200 250 300 350

Homep xarnana
Puc. 8. CHE:KTp CHI'HAIOB OT UMMOYILCHOMO CBETOBOIO HCTOYHHKA

U3 paxnuyHbIX obnactei obpasua asporess oTnu4aeTcs He Gonee yeM Ha 5%.

Cpasuenne (Ne), nonyueHHbIX Ha GONBLIOM M ManoM ofpa3suax, noKasbiBaeT, 4TO CBe-
TOBBIXOZ C ®THX 00pa3LOB 3aBHCHT TOJIBKO OT IOKa3aTelid NPEJIOMICHHS M HE 3aBHCHT OT
IUION{afH MONEPEYHOr0 ceueHns obpasua.

Apropni BhIpaxaioT OnarogapHocts B.B.Bpymanuny, U.J.Bsutosy, H.A.Pycakopuuy u
[1.dpaberTy 3a MOMOWbL B OpraHusauuu coTtpyguudectsa ¢ HHUAD r. Bonones, Hramus,
JI.M.Onumenko, B.I.Casonosy, B.H.CmupHosy, A.C.IllenukoBy 3a noMouib B CO3MAHHH J1a-
HopaTopuu «Aaporens», B.U.Komaposy, A.B.Kynukosy # H.A.KyunHcKkOMYy 3a mOCTOSHHBIH
HHTEpeC U MOMAEPXKY B MpOBeOEeHHH Hacrosme# paborsi, A.H.I'padhosy, H.U.Makchmosoi,
B.B.Pakamio u T.A. TuxaHOBOH 3a NOMOIKb B MOHTaXe aBTOK/IaBa H NPOBEAEHUM CEAHCOB NO-

JIYYCHHS ¥ CYLUKH a’poresia.
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PRELIMINARY RADIATION RESOURCE RESULTS
ON SCINTILLATING FIBERS

L.N.Zaitsev, V.A.Krasnoy

New results of measurements of a relative light output in typical polysterene scintil-
lators and fibers at continuous (4 years) cyclic irradiations with -y rays are presented. The
record time (10 hours) of spontaneous recovery of the samples, to which antioxidants
and photostabilizers were added instead of antirads, is obtained. Extrapolation of these
results to the area of «gigarad radiation levels» indicates the possibility of using cheap
scintillating fibers in future «spaghetti» calorimeters instead of quartz fibers. In this case,
the energy resolution of hadrons improves from 150 %VE @ 6 % to 54 %VE © 1.5 %.

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

IIpexBapuTeiibHbIE Pe3yJIbTaTbl PAAHALHOHHOIO pecypca
CHMHTWLIALHOHHBIX Guodp

JI.H.3aityes, B.A.Kpacnoe

Ilpencrasiessl HOBbE PE3YAbTAThl HIMEPEHHS OTHOCHTEJIBHOIO CBETOBBIXOHA 00IY-
HBIX [IOJIUCTHPONBHEIX CUMHTWUISTOPOB M CNEKTPOCMEIlaomnX eonokoH (¢ubp) npu
UIMTenbHbIX (4 roja) UMKITHYecKHX oONydeHnsIX raMMa-KBaHTaMH. TlonydeHo pekopiHoe
BpeMs CIIOHTaHHOro BoccraHomneHus (10 waco) o6pa3uoB, B KOTOpEIX BREpPBbie ObUIM
BBENEHbI aHTHOKCHIAAHTH! U PoToCTabUIH3NpyoHe N06aBKM BMECTO aHTHPAOB. DKCTpa-
[OJISLMA 3THX PE3YNbTAaTOB B 061aCTb «MHIapafoBbIX PafHaUMOHHbIX YPOBHEH» YKa3blBaeT
Ha BO3MOXHOCTb 3aMeHBm KBapueBbix ¢HOp Ha neluesble CUMHTHWLISUUOHHBie GUOPH B
KanopuMeTpax THra «cnarerTh». TIpH 3TOM 3HepreTHYecKoe pa3peluieHue KarnopHMerpa
1o anpotam uaMensercs co 150 %vVE @6 % no 54 WVE © 1,5 %.

Pa6ora eeimonHena B JlaGoparopuu Beicokux 3Hepruit OUSH.

SCINTILLATING FIBER PERFORMANCE

The fraction of energy deposited in the polymer and emitted as visible light, is approxi-
mately 3 %. This corresponds to an emission of 10 photons for each keV of deposited energy.
A minimum ionizing particle deposits 1.7 MeV/cm in polystyrene, and so approximately
1700 photons are emitted for a 1 mm fiber. Using the above 3.8 % piping efficiency in each
direction, we find that roughly 65 protons are piped in the fiber in each direction.

Attenuation effects in scintillating fiber are characterized by bulk absorption, Rayleigh
scattering, and interface losses. The attenuation lengths have been measured to be as long as
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Fig. 1. Schematic view of monochromator system used for fiber attenuation studies

2 m in the spectral region around 425 nm. In order to optimize the waveguided properties of
scintillating fiber, we must have precise technique to evaluate their performance. Attenuation
studies are performed in order to measure attenuation as a function of wavelength where
attenuation is described by: '

£(A, D) = exp (~La (A, D))R (), D)8 (L/D)

with: D — the dose irradiation; A — wavelength; o — the absorption coefficient; R — the
reflection coefficient; L — the distance in the fiber from the point of excitation to the detector
end; & — the reflection angle for a given photon; d — the fiber diameter.

The system we use for these measurements is shown in Fig. 1. It consists of a mono-
chromator coupled to intensified diode array detector head, the microchannel plate intensifier
having a S-20 photocathode. Using a 147 groove/mm grating, this system gave approximately
a 0.5 nm resolution/diode. The measurements were performed by exciting the fiber with a UV
source in source positions from 10 cm to 2 m from the fiber end. Light from the fiber was
coupled to the entrance optics of the monochromator with a spherical lens. This arrangement
matched the numerical aperture of the fiber to that of the monochromator more closely. The
procedure for parametrizing the attenuation fiber performance consisted of the measurement
of the fluorescence distribution as a function of distance from the excitation point to the fiber
end, the wavelength bin distribution of the data, the representation of a wavelength binned
signal as a function of distance. Figure 2 shows the resulting fit of the parameters « (A, D)
and R (A, D).

The sample of SCSF 81 (Kuraray, Japan) fiber 1 mm in diameter contains an antiradiation
component: 4-phenyl-3HF in an amount of 1 %. Another PSM115 sample 1 mm in diameter,
specially made by us, contains antioxidizing and photostabilizing components SSV [1]. The
system of low activity y-isotope sources and dosimeters {colour film) 75 microns thick was
used for fiber irradiation as shown in Fig. 1. The dosimeters were calibrated on the «-,
(- and vy-sources, and in a mixed field of radiation, as they were earlier tested in the WA-
98 experiment (CERN) at 157.7 A GeV (Pb-Pb) [2]. In each exposure for ~ 1030 hours,
a dose of no more than ~ 4 kGy for PSM115 and no more than ~ 8 kGy for SCNFg81
was accumulated to reduce the influence of irreversible effects in polysterene. The optical
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Fig. 2. Parameters R (A, D) and a (A, D) measured in a fiber SCSF81 tupe sample

parameters were measured during recovery when the ~y-sources were removed outside the
shield. The dosimeters were also removed, and their optical density (appropriate to dose) was
measured by a SF-26 spectrophotometer. The 19 cycles (exposure/recovery) for RSM115 and
10 cycles for SCSF81 in total are conducted; the time of recovery is respectively 10-20 hours
and 400 hours. The preliminary results of a measurement of relative light output (conversion
effectiveness) in continuous (1) and cyclic (2) exposures and the absorbed dose are presented
on Fig. 3. The results of an exposure of the tile/fiber calorimeter modules (Ref. 3, Appendix
A) and spaghetti calorimeter {4] are presented for comparison in the same figure.

DETECTOR APPLICATIONS

Calorimeters based on fiber optics wires are widely used in a number of experimental
set-ups in the field of high energy physics. Since the photon yield is quite large in most
experiments, conventional photomultiplier tubes (PMT) can be used as a readout device.
All scintillator calorimeters use a lead or steel heavy absorber to stop incident particles.
The scintillator can be installed in a number of ways, usually using one of three principal
geometries. The first one employs scintillator layers and absorber plates. The light produced
in the plate is read out by a wavelength shifting fiber. This fiber is doped with dye that
absorbs the scintillation light in the plate and then emits fluorescence photons, the fraction of
which is piped along the readout fiber to the photodetector.

Using the superposition method [1], we get the dependence of the limiting dose
Diim = f (Dioad, &), where £ ~ (10-20%) is the light loss after irradation. The coefficient
K is calculated for the resource formula ¢, = K3 (Dijim \ Dioad) > if Diim is determined from
faster tests at Dyoag > 10% Gy/hour under irradiation with for the cyclic resource tp > t,.
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Fig. 3. The light output modification at A = 425 nm for the samples of SCSF81 (a) and PSM115 (b)
optical fiber types at continuous (1) and cyclical (2) exposure. Points of figure: for modules tile/fiber
[3] — B, A, #, — SCSF81/BCF91A (or Y7); for modules «spaghetti» — o — Y7 [4]

In the case of LHC radiation, the loads in the detectors are 10~! = 10~% and the values of
K3 are within 2 x 1072 = 7 x 107, This is explained by photoradiation oxidizing [2,5].
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Very forward calorimeters (VFC) in the LHC CMS detector must cover the range of radiation
loads from 10~! Gy/h (n = 2,5) to 40 Gy/h (n = 5). Operation at such a high rapidity
requires the use of calorimetry techique that is radiation resistant ( Dy, at least 107 Cy). This
can be accomplished through a quartz fiber calorimeter. In this calorimeter, light is produced
by shower particles through the Cherenkov effect generating a signal shorter than 10 ns in
duration. The energy resolution is [6,7]:

0/E=150%/VE®6%.

Extrapolation of the low bound of curve 2 in Fig. 3b for PSM115 at £ = (10 — 20) %
«gigarad radiation level» gives Dy, > 107 Gy (Grad). This means that standard fibers can
be used instead of quartz ones. However, it is necessary to use the new JINR Concept: rigid
control of an irradiation dose and planning of breaks, when detectors recover their operating
parameters [5]. In this work, the record time of recovery by 100 % for 10 hours is obtained at
Dy = 4 kGy, where antioxidants and photostabilizers were first used instead of «antirads».

The results [8] show that the energy resolution is comparable to standard value of the
so-called spaghetti calorimeters (SCSF81/Pb 1:3.17):

c/E254%/VE®1,5%.

To confirm the results for VFC, it is necessary to conduct cyclic exposures of the
calorimeter module (PSM115/ Pb) to y-isotope sources and to verify the data of an accelerator
beam.

CONCLUSIONS

In general, scintillating plastic optical fiber technology looks very promising for many
detector applications in high energy physics. Some calorimeters have already been built.

ACKNOWLEDGEMENTS

The authors express their thanks to A.I. Malakhov, P.I. Zarubin, and V.S. Panasjuk for
their support of this work and useful discussoins.

References
1. Zaitsev L.N. — JINR Preprint P16-98-59, Dubna, 1998.
Astapov A A, et al. — JINR Rapid Communications, 1996, No.3[77]-96, p.47.
HCAL-Project, CERN/LHCC 97-31, CMS TDR 3, 1997.

Rl A

Afanasiev S.V. et al. — JINR Rapid Communications, 1991, No.5[51]-91, p.38.

5. Astapov A A, Zaitsev L.N. — JINR Rapid Communications, 1996, No.5[7a]-96, p.35.
(see also: JINR NEWS 4/96).



Zaitsev L.N., Krasnov V.A. Preliminary Radiation Resource Results on Scintillating Fibers

6. Anzivino G. et al. — Nucl.Instr.Meth., 1995, v.A 357, p.369.
7. ECAL Project, CERN/LHCC 97-33, CMS TDR 4, 1997.
8. Bertino M. et al. — Nucl.Instr.Meth., 1995, v.A 357, p.363.

Received on February 23, 2000.

63



LT TeT

XJ0000129
Hucema ¢ DYAA Nel[98]-2000 Particles and Nuclei, Letters No.1[98]-2000

YAK 53.083.722

MHOTO®A3HBIA AITOPUTM
LA IPIMOI'O IIPEOBPA30BAHHST BPEMSI-KO/X
C BBICOKOH PA3PEIHAIOIIEN CIIOCOBHOCTBIO

H.P.Pycanos, H.X.Amanacos*

TIpeanoxeH HOBBIH IMODHTM IS M3MEDEHHA BPEMEHHBIX HHTEPBATIOB C BBICO-
KO# pa3speliaoiiei crocoGHOCTbI0, OCHOBAHHBIN Ha NDHMEHEHHH MHOTO()a3HOTO CYETHO-
HMIYIBCHOTO Meroia npeobpazosaHus Bpems — kol. Paspewamowas crnoco6HOCTb MpH
atom cocrasnser +7T./2M nns sranoHHoro nepuoma 7. KBAHTYIOMIHMX TAKTOBBIX HM-
MyBCOB. _

Pabora srinonsesa B JlabopaTopuu sbicoknx sHepriidi OMSAH u HHcruTyTe snepHsix
HecenoBaHuii u apepHoi aHepretuku BAH, Codua.

A New Algorithm
for the Direct Transformation Method of Time
to Digital with the High Time Resolution

IL.R.Rusanov, 1. H Atanassov

The new measurement algorithm for the converter of time to digital with the high
time resolution is proposed. The time measurement is based on the multiphase direct
transformation method. The new algorithm permits one to achieve the time resolution
of £T./2M, for a clock-period of T.. ,

The investigation has been performed at the Laboratory of High Enegries, JINR
and INRNE BAS, Sofia.

1. BBEIEHHE

s coppeMEHROro (PH3HYECKOro0 BKCNCPHMEHTA BaXHBl HCCICIOBAHHS, KOTOPhE paspa-’
6aTbiBAIOT METOMB! VI8 CTATHYECKOTO aHAIM3a CIIy4daiHbiX MOCIENOBATENILHOCTEH CHUIHANOB H
CO3MAI0T M3MEPHTEsIbHBIE CHCTEMBl aBTOMATH3MPOBaHHOH 06paboTky moTokos maudbix, Co-
3MaHWE METOJOB H AITOPHTMOB VI OMpEJENeHUs CTATUCTUYECKHX XapaKTEPUCTHK MOTOKOB
CHIHAJIOB TIPEATONaraeT NOHCK NpHeMIEMBIX npolenyp Mg o6paboTki sKCnepUMEHTANbHOM
“HQOPMALIMH B PEIbHOM BpEMEHH. BTH MPOLERYPH! JOMXHBI 06eCIIEUnTD 3aMaHHYI0 TOYHOCTD
¥ BBICOKYIO Pa3peluaiollylo cnocoGHOCTh H3MEepeHHA.

*HANUAD BAH, Codus
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B u3MepuTenbHOl TexHUKEe pofiieMa TOYHOCTH BO3HUKAET B CBA3M ¢ HanuuueM ¢akTopos,
KOTOpblE OKa3blBAIOT RIMSAHHE Ha H3MEDHTEIBHBI MPOUECC U ABIAIOTCE HEYUTCHHBIMHM MpH
olieHKe «paboyel XapaKTEpPHCTHKH» HcciexyeMoro mpolecca [1,3]. K riuawomum dakropam
OTHOCHTCA YNpPaRICHHE H3MEPHTEILHBIM NPOLECCOM H HEKOHTPOJIHpYeMbIe Bo3aeHcTeus [1,6]:

— OrPaHHYEHHOE KOJIMYECTBO 3KCIIEPHMEHTAIBHBIX HaHHBIX H MPOHOMXHTENBHOCTD, 10~
cTynHble W HaOMOREHUS UCCeXyeMoro Ipouecca;

— BHELIHHE HEKOHTPOJIHPYEMBIE BO3IEHCTBHS, NMPOSRIEHHY KOTOPHIX HMEIOT BEPOSTHOCT-
HBIH Xapakrep;

-— HETOYHOCTb COMOCTaRIEHUS H3MEepSeMOH BEJIMYHHBI C XHCKPETHOH MiKano# npeobpa-
30BaHHY;

— KpaiiHee 3HaYEHHE M OTKJIOHEHHE 3TAJIOHOB OT HOMMHAJIOB.

B pesynsrate geficTBHs 9THX (PaKTOPOB H3MepseMad BEJIMYHHA OLICHHBAETCA ¢ OMIHOKOH,
KOTOpas SBNSETCS CIy4aHHOH BEJIHYMHOMN M BIIOJIHE XapaKTEPHU3yeTCS CBOMM 3aKOHOM pacrpe-
nenenns [3,6]. OnrHManbHOE CONOCTaBIEHHE MHOXECTBAa OLEHHBAEMBIX PEIBHBIX 00BEKTOB
{X;}$, c MHoxecTBOM aTanoHoB {nE}Y_, TpeByeT co3naHus MONE/IH H3MEPHTELHOIO MPO-
necca, KoTopas:

—— YUHTBIBAET MCTOYHHKH H3MEPHUTEILHOH OMIHMOKH M MX BIIMIHHE;

— ofecnieynBaeT CpeacTsa U CIocobsl, OrpaHUYHBAOLIME RIMIHHE HanGoJiee 3HAYHTENb-
HbIX HCTOYHHKOB OLIHOKH.

2. CYETHO-UMITYJIbCHBII METOI. TOYHOCTH IIPEOBPA3OBAHHUSA

3anaun, CB43aHHbIE C H3MEPEHHEM KOPOTKHX BpeMeHHbIX HHTepBatoB (BH) u ¢ u3yuennem
HX paclpefic/ieHHs, BO3HHKAIOT BO MHOTUX (PH3HYECKHX DKCIEpHMeHTaXx. B CTaTHCTHYECKOM
BPEMEHHOM QHAJIH3E ONpeIesIIeTCss HHTEHCHBHOCTh BO BPEMEHH CJIyYaHHOrO MOTOKA CHTHAIOB,
«PEHETHYECKH» CBS3aHHOIO C 3afaHHBIM YIPABIAIOLIMM MOTOKOM. I OLEHKH HEM3BECTHOM
YHKIHMY HCTIONB3YETCS YACTOTA NMOABICHHS OTHE/IBHBIX HMIIYIBCOB B 3aBHCHMOCTH OT MX Bpe-
MEHHOTO NOJIOXEHNA OTHOCHTEJIBHO Hayala OTCYETa, 3a1aBaeMOI0 HMIYJIbCaMH YIIPaRISIOILEro
noroka {2,3,4].

Ilng pelneHua THX 3aay HCIOAB3YIOTCA Npeobpa3oBaresn Bpems —xoa (ITBK). Hame-
PEHMs. OXBATHIBAIOT IIHPOKHH MaNa30H OT JodeH HaHOCEKYHIbI 10 COTEH MHKpOCeKyHN. IIpu
TAKOM GOMBUIOM H3MEPUTENIFHOM IHANA30HE NO TEXHHYECKMM H 3KOHOMMYECKUM MpPUYHHAM
Hellesiecoo6pa3Ho HCIoip30BaTh YHHBepcaibHble npubopsl. [Toaromy paspaboransl IIBK, xo-
TOpHIe ipeiHa3HAYEHBI VIS PEIIEHAA KOHKPETHBIX SKCIIEPHMEHTATIBHBIX 3a0a4. Peanu3osanHbie
npeobpa3oBaTeNIN BpEMst — KOI CYETHO-HMITY/IbCHOIO METOLA CaMbleé pacHpOCTpaHeHHble. D10
onpenesercs UX MIMPOKHM H3MEPHTENIbHBIM JHANAa30HOM, BO3MOXHOCTBIO Mpeobpa3oBaHKs B
peallbHOM MacluTabe BpeMeHH, BBICOKOH HaJIeKHOCTBIO H NPOCTOTOH KOHCTPYKIIMH, HH3KOH
CTOHMOCTBHIO U OJHOPOAHOCTBIO JHCKPETHOH WKaIH Hpeobpasosanus. OCHOBHOH OrpaHHyu-
BaKOIMH (aKTop NPWIOXEHHS 3THX Npeobpa3osaTeliei i — TOYHOCTH Npeobpa30BaHMd, onpe-
OessieMad GbICTPOHEHCTBHEM CYLIECTBYIOILEH IEMEHTHOH Gas3kl.

2.1. IlocTanoBKa onTHMH3anHOHHoI 3anaus. Ecin {T;}$1, — MHOXeCTBO u3MepseMsbIx
BpEMEHHbIX MHTEPBaNOB, a {nT.}_ — AMCKpeTHOE MHOXECTBO MaTEMaTHYECKMX MOMENei,
KOTOpBIE ONHCHIBAIOT BPEMEHHbIE HHTEPBAIH, TO IS HACANBHOrO mpeoOpa3oBaTesis Bpems —
KOIl BbIpaxeHHe [3,6]:

(112, & (a1} (1)

n=0
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OJJHO3HA4YHO Hp606p33yCT 9TH IBAa MHOXECTBA C OLIMOKOIf
_Te S A S 0) (2)

e UU* — upeanbHOe yNpaBleHHE H3MEPHTENIbHBIM NpoueccoM, a A — oruHbKka KBaHTOBaHHS,
T. — 3TaloH.

Bo BpeMs M3MepeHHs B pEallbHBIX YCIIOBHAX, B Pe3y/IbTaTe ACHCTBHSA CIIydaHHBIX BHELIHHX
M BHYTpeHHUX $aKTOpoB, (hOPMHpPYyeTCS ONEHKa H3MEpIeMOro BDEMEHHOIO HHTepBala C H3-
MepuTespHON omnbkoi. H3-3a sTo# omnbku copMypoBaHHas OLEHKA MOXKET OT/IHYATBCH OT
ouenku uueansHoro [IBK. Pasuuua Mexmy HUMH HasbiBaeTcs «n06aBneHHOH owrHOKo#». Ha
puc. 1 mpesicrariieHa BpeMeHHAas AMarpamMMa conoctagieHus uamepsemoro BH ¢ auckpeTHo#R
mkanoi. OueHkKa H3MEpIEMON0 BDEMEHHOTO HHTEpBana OnpenesiseTcd U3 cOOTHoueHus [3,6]:

T=NT,, (3)

rae N — KOJHYECTBO LIENBIX IEpHOOOB STAIOHHON TAKTOBOH CEpHH, 3aII0OJTHHBIIHX H3MEpsc-
MBIA HHTEDBATL; Te —— CpeAHee 3HAYCHHE 3TAJIOHHOTO NEPHONAa TAKTOBLIX UMNYILCOB.

START | |

sToP u

I 2 N-2 N-1 N
ok LI LI Lo LI 1L LI
Puc. 1. BpeMennas nuarpamMma CONOCTAR/ICHHS BPEMEHHOIO MHTEpBaNna ¢ QMCKPeTHOH wKanod. T° — u3-

MepseMblil BpeMeHHOH HHTepBall, N T, — OLEHKa, t; U {; — COOTBETCTBEHHO HeydTeHHas U nobarneHHas
4acTH BPEMEHHOFO HHTEpBana, Te— 3TanoH

HimeputensHad omnbka B 9TOM cliyyae ONpEAeNSIETCS H3 COOTHOLIEHHS
A=T-T=NT,— (NT. +t;1 —t2) =ty —ta, (4)
rae ¢1, tp — COOTBETCTBEHHO HEydTeHHas M NoOamiIeHHas 4acTH BPEMEHHOTO HHTepBasa. Tak
KaK 19 3THX YacTEH M3MEPSEMOTO MHTEpBala BCeraa Bhironusercd yenosue 0 < ¢, tp < T,
TO /I8 U3MEPHTENIbHOH OLIHOKH monyvaeTcs

T, <A<LT,. (5)

CnenosatensHo, ouedke NT, COOTBETCTBYeT Kax[blil BDEMEHHOH HHTEPBal, KOTOpBI
SRIIAETCH IEMEHTOM CIIEJYIONIETO MHOXECTBA BPEMEHHBIX HHTEPBAJIOB:

ATy =[(N = 1)T.; (N +1)T.) = NT.. (6)
s ouenky (N + 1) T, Takke paBHOCHIBHO BBIPAXEHHE

ATy = [NT.;(N +2)T,] < (N + 1) T.. (7)
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O6mas yacTb 3THX IByX MHOXecTB AT} u AT MOXHO IPEACTAaBHTH B BHIE
AT = AT\ N AT, = [NT.; (N +1)¢t.] . (8)

Tocnensee BHIpaXeHHE MOKA3BIBAET, YTO CHETHO-HMOYIBCHOE NpeoGpa3oBaHHe BpeMs —
KOO OLEHHBAET KaXIblil BPEMEHHOH HHTEPBAI ABY3HAYHO:

U = NT,
T —T= ’ 9
(N+1)T,. (9)
DTO MPOHUCXOAUT M3-3a CIY4YalHOIO XapakTepa CONOCTABICHHA H3MEPAEMOIO BPEMEHHOIO
HHTepBalla C IUCKPETHOM HIKano# npeobpazosanus [3,6]. CnemoBaTesIbHO, HYXHO YIIpaBIICHHE
H3MEPHTEIBHBIM TIPOLIECCOM, KOTOpoe ofecneyrBaeT MHHHMAIBHOE BIHAHHE 5TOro ¢axropa.
Y1065 IOBECTH H3MEPHTENIBHYIO OIMIHOKY A0 OMHOKH KBAHTOBAHHS, HEOOXOIMMO PEIUHTD ONTH-

MH3aLHOHHYIO 3a/1a4y:
Uopy = arg {min [{Az(ul)}f{zl] } , (10)

rme A; — M3MepUTeNbHas omubKa, {u; }S | — MHOXECTBO OMYCTHMBIX BADHAHTOB YTIPaRJIE-
Hus, Ugpy — ONTHMATBHOE YNPARIEHHE H3MEPHTEIbHBIM IIPOLIECCOM.

2.2. MHorodga3Hoe CYeTHO-HMITYJIbCHOE Npeobpa3zoBanne. H3MepuTensHeli npouecc npea-
IOJIaraeT HEH3BECTHOCTb U3MepseMoro rnapamerpa. KoHell H3MepeHHs cBs3aH ¢ (opMHpoOBa-
HHEM OLIEHKH ¢ OWHOKOM, KoTOpas nonanaeTr B NpeABapUTENBHO 3aJaHHbIH nuana3oH. OCHOB-
HBIM HMCTOYHHKOM HM3MCPHUTENIbHOH OMHOKH CUYETHO-HMILYJBCHOIO MeToa npeobpa3oBaHus
BpeMs — Ko ¢ HecdasupoBanHoM no Hauany BH sTanoHHOH MMIYIbCHOH cepHeH ARISETCS
HETOYHOCTH CONOCTARIICHHA BPEMEHHOIO MHTEPBAIA C IUCKPETHOH 1MKaNoH. AHANN3 npolecca
npeofpa3oBaHHs BPEMA — KOJ IOKA3bIBAET, YTO €CTh BO3MOXHOCTb YMEHBIUHTh H3IMEPHTENb-
Hyl0 oMKy ¥ JOBECTH ee O OMMOKH KBaHTOBaHMA, eciH [2,3]:

~— K IOBTOPAIOILEMYCS BpeMEHHOMY HHTEpBally BO BpeMS KaXIOro ero u3mMepeHus noba-
mngercs BH ¢ u3MenseMoil pmutensHocThi0 — 0 < £ < T

— (hOpMHpYETC MHOXECTBO OLICHOK;

— B Ka4yecTBE OLEHKH BPEMEHHOIO MHTEPBaa BHIOHpaeTCA Ta, KOTOpas HMeeT INOAaRId-
IOLIYI0 YACTOTY NOSBIIEHHS BO MHOXECTBE OLIEHOK.

HsMepuTesbHBINA IPOLECC NMPH 3THX YCJIOBUAX [UIS CTATHCTHYECKOTO BPEMEHHOTO aHAIH3a
B SKCIIEPUMEHTANbHOH (H3MKe MOXHO PEald30BaTh OPH NOMOINH CYETHO-HMIYJILCHOIO Ipe-
o6pasoBanks ¢ MHorotdasHeM renepatopoM [5]. B 3TOM ciydae 3TaIOHHBIC MMITYJIbCHBIE
CepHuH, KOTOophie (POPMHPYIOT NHCKPETHYIO WKany npeobpa3oBaHHA, HMEIOT ORHHAKOBHIA 3Ta-
JIOHHBIH TlepHON MOBTOpeHHUsS T, W MMIYJIbCHBIE CEPHH, CIABHHYTHIE ADYT OTHOCHTEIBHO ApYyra
IO NpaBwity

i = (i —7) % (11)
Ie %, ] — KOJHYECTBO UMIYJILCHBIX cepHii (4,7 = [1...M]).

TIpH CONOCTaBIEHHH KaXA0ro BpEMEHHOIO HHTEpBalla ¢ JHCKPETHBIMH IKanaMH npeobpa-
30BaHHA VIS €ro IHTEBHOCTH (OpMHpYeTcss MHOXeCTBO oueHok {T;}M,. U3 seipaxenns
(9) cnenyert, 4TO VIS KaXHOr0 WiEHa 5TOM0 MHOXECTBA B CHIY BBIDAXCHHS

T YT =NT, (12)
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T LT=(N+1T,. (13)

MHOXeCTBO OLEHOK COCTABIEHO H3 ABYX ITOOMHOXECTB. Kaxnoe nogMHOXECTBO HMeEET
OOMHAKOBLIC JJICMCHTHI:

{—T}ivzl = {Tp = NTe};{:l U {Tq =(N+1) Te}giM—K . (14)

KpOMC 9TOro, 114 KaXIo# OLeHKH H3MEPACMOI0 HHTEPBAIA ¥ €10 IJIHTCJIPHOCTH paBHO-
CHJIbHbI BbBIDAXCHHUA:

T=NT.+ A, (15)

H
T=(N+1T, - As, (16)
rme A; 1 Ay — u3MepHUTesbHbie oMIMOKH. M3-3a amauTHBHOrO XapakTepa H3MEPHTENBHOMH

ouIOKH ONTHMANbHYI0 OLEHKY T—opc BH onpenensior no npaswty
M _

I ok s
Topr = | ke (17)

e [x] o6o3HayeHa nesas YacTh Z. B 3TOM ciydae 119 M3MEPHTENbHOH OmHGKH MonydaeTcs

~-T.<A<0. (18)

Ecnu P = [T.(M — K)] /M — npobuas sacth Bripaxenus (17) n npu suibope Tope
CIIENYI0T NPaBATy

T
i , ecm P<0,5;
Topc = M 7 . (19)
T;
= +1, ecmn P>0,5;

TO H3MCPHTENbHaA oumbka YMCHBLIIACTCH A0

Teac, (20)
2 2

B npeo6pasosarensx BpeMs —KO[ OYEHb TPYOHA Peaiu3allid 3THX aIrOpuTMOB BhiOOpa
onTAManbHO# oleHkH. OCylIECTRIEHHE ONEPALMH CIOXEHHS U eleHHs TpebyeT Gonbluyx amn-
napaTHbX CpeacTs. KpoMe 9T0ro, yBeJIHYHBAETCS BpeMs H3MEPEHHS BDEMEHHOTro uHTepBana. C
IpYroi CTOPOHBI, COXpaHEHHE BCeX OLEHOK M MX nepenadya B 9BM xe Bcerna uenecoobpasha
1 ocymiecTBuma. IlosToMy g a¢peKTHBHOTO NPHIIOXKEHNS MHOTO(A3HOrO Merofa npeobpa-
30BaHMA BpeMs — KOI Heo6XoauM ObiCTPBIA aITOPKTM JUIS BHIOOpa ONTHMAILHOH OLIEHKH.
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Tipasyio ctopoHy BbipaxeHus (17) MOXHO NpenCcTaBUTL B BHIE

ST
i;l i—NT LMk (21)
M - e M €

me k — xonudectso oueHok NT., (M — k) — xonuyectso ouenok (N + 1)7T., NT, —
nesas yacts, (T.(M — k)] /M — npo6Has 4acTs.

CnenoBartesbHO:

1. BMecro cnoxeHus M jesicHus, 4ToObl peanu3oBaTh OLEHKM 0O Bhlpaxenuio (17),
HeOGXOMHMO BBUIESHTH MAICHBKYIO OLIEHKY M HCIIOJIb30BaTh €€ KaK OKOHYATEIbHYIO.

2. OneHKy ¢ NOAARISIOITAM KOJHYECTBOM MOXHO OIPEeIe/INTb M3 BBIPLKEHHS
To = { NT., ecm k>M-—k, (22)

(N+1)T,, e k<M-—k.

B sTOM cnyyae HeOOXOOHMO HEYETHOE YHCJIO KAaHAIOB M3MEPEHMUS.

Peanu3aiug nomo6HsIX aJITOPUTMOB OCYLIECTBIIAETCS TIPH HOMOILIH COPTHPOBKY 3JIEMEHTOB
MHOXeCTBa OleHOK. JIi1 onTHMa/IbHOH OHEHKH NPHHHMAKTCH CJICHYIOINHE JIEMEHTHI COPTH-
POBAaHHOIO MHOXECTBA:

1. DneMeHT C MOPIAKOBBIM HOMEPOM ¢ = 1; COOTBETCTBYET HAMMEHBILIEH H3 JBYX OLEHOK.

2. MenuaHa MHOXECTBa, WIH WIEH C MOPAIKOBBIM HOMEPOM

M
=3 +0,5, eom M=20+1, (23)

HMEUIHH NOJABIAIOIIEe KOJHYECTBO BO MHOXECTBE OLICHOK.

3. MIPOTPAMMHASA MOJEJD. PAPEIHAKINAA CIIOCOBHOCTD.
TOYHOCTD IPEOBPA30BAHUA

Ha puc. 2 npencrarieHa BpeMeHHas fHarpamMma paGoThbl MHOTO(]A3HOIO CYETHO-HMITY/IbC-
Horo Merofia npeofpasoBanus Bpems —koid. Ui ompemeneHMs paspeltamnoued cnocobHOCTH
H TOYHOCTH npcoOpa3oBaHUsA Mbl CO3TATH KOMIBIOTEPHYIO nmporpammy Ha a3bike «C». [lpu
HOMOIIH 9TOH NPOrpaMMBbl Mbl NPOBEJIM MOEIHPOBAHHE H3MEPHUTENILHOIO Npoliecca o npel-
JIOKEHHOMY aNropHTMY. B KauecTBE BXOOHBIX JAHHBIX HCIIOJIb30BATUCH:

— NpPOTpaMMHO T€HEPUPOBAaHHBIN BPEMEHHbI MHTEPBaN;

— DTAJIOHHBIA NEPHOJ TAKTOBBIX MMIYNILCOB — T ,

—— KOJIMYECTBO KaHI0B Napauie/ibHOM OlieHkH reHepuporanunx BU — M;

— LIar CABUIa 3TAIOHHBIX CEPHMH APYF OTHOCHTENBHO OT ApYra — ¢.

Ha Bpixofe nmporpammpl NONy4anuch MHUHEMaNbHA® M MaKCHManbHas owmwmbka npeobpa-
30BaHHs BpeMs —Kol. KpoMe 31010, B IporpaMme ecTh BO3MOXHOCTDH JUIS (DOPDMHpPOBaHHUS H
3aNOMMHaHH4 B BUIE MacCHBa BCeX OLIMOOK M3MEpEHHA BPEMEHHBIX WHTEPBANOB.

B npusoaumoii TabnuLe HMEIOTCS Pe3yabTaThi IPOBENECHHBIX TECTOB. AHATU3 PE3yJILTATOB
TIOKa3bIBACT, YTO!

a) HamepurenpHay ownbxa ceeleHa 00 CHEXYOIWX TPaHHUIT:
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START 1]

STOP

T

1)

(N+1).T,

i 2 N-1 N N+1
k! oL I oo L.._.JiovLriorirwr

(N+1).T,

CLK-2
Pim
.

/ 2 N-1 N N+/
ST LI IrL...JLILIr1Jd1

N.Te

[ ]
CLK-M

i) 2 N-1 N
I .. LI LIrrri

Puc. 2. BpeMedHas OuarpamMMa COMOCTAaBICHHS BPEMEHHOIO HHTepBala C MHOIO(Aa3HOH KHCKPETHOH
wkanoit. T — uamepseMblil BpemenHo# unrtepean, NT, 4 (N + 1) T, — OLEHKH, ¢1p — CHBHT MEXOY

uIKanaMH

Tabnuua 1. Omubka npeobpa3oBaHHA B 3aBHCHMMOCTH 0T BbIGOpA OLIEHKH

Konu4ecTBo uikanst
LIS U3MEPEHHS
BPEMEHHOTO MHTEpBala

Ownbka npeobpasoBaHus

Haumensuias u3 NONYYEHHBIX OUEHOK

MenuanHaa oneHka

T.<A<T.

*

~Te £ A <0,5T

*

- T. <A <0,33T.

+ 0, 66T,

~Te <A L0,25T,

*

—Te <A <027,

+ 0,67,

-T. < A<0,16T.

*

—T. <A <0, 14T,

+ 0,577,

-T. <A L0,1257,

*

O ool ] | Lay | W N =

-T. <A L0117,

+ 0,557,

— €CJI Ui OL€HKH BPEMCHHOTO HHTCpPEaAla IIPMHHMACTCA HaUMEHblWAad U3 NMOJYYCHHBIX

OLIEHOK, TO:

7.
-T,. <AL M;

(24)

— [IpH BbIGOpe OLICHKH, KOTOpad UMEET NHOAABIMIOLIYI0 4aCTOTY IOBTOPCHHA BO MHOXE-

CTBE OLCHOK, H3MCDHUTEIbHAA ourubxa ONpENENACTCA H3 BhIpaXCHHA

M+1

I MAln

< T.,
2M

(25)
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rae M — KOJIMYECTBO HMITYJIbCHBIX CepHH IVt MHorogasHoro npeobpasoBanus BH;

B) YBeiMuMBas KOJIMUECTBO HMITY/ILCHBIX CEpHH I MHorodgasHoro npeobpasosaHus
BpeMs — KOJI, H3MEPHTENbHYI0 0mIHOKY MOXHO NOBECTH N0 OMIMOKH KBAHTOBAHHA.

r) pewioxeHHsA aIropaTM 06paboTKK pe3ynbTaToB H3MepeHHS MHOrodasHOro npeobpa-
30BaHHA BpeMs — KOJ MMeeT Golee BBICOKYIO pa3pellalomiylo cnocoGHOCTh, YeM JaeT CYETHO-
AMIYNBECHBIH METOM.

- paspeluaromasi cnoco6HocTs cocTarnser 1,/M, ecnn NpUHAMAETCSd HaMMEHbLIAd U3
OLIEHOK; ’

-— NpHMEHEHHe OHEHKH C NMOJaB/soniel yacToToil nosropenns — +7,. /2M.

1) OueHxa BpeMEHHBIX HHTEPBAIOB HO JaHHOMY METOXY 3KBHBATIEHTHA CUCTHO-HMILYJILCHOMY
npeoGpa3oBaHmnio BpeMs — KOJ 1PY NioMomiK B M pa3 6osiee BHICOKO#H YacTOTHI STAIOHHOHN UM-
NyJIBCHOMH cepHH M OTOpachIBaHUA MIANIIMX Pa3pilOB B OKOHYATENHHOM OLEHKE.

e) Hactory nmposeienns kaxnod us ouenox NT, u (N + 1) T, MOXHO HCIIONIb30BATh H
IUIs IIOBBILIEHHS TOYHOCTH Npeobpa3oBaHus BpeMEHHOTO MHTepBasa:

(T = {NToio oo, ;NT.} 25 NT,,

(TAY = {NTo;......... ;NTe;(N+1)Te}—”—>NTe+%,
................................................................... (26)
(TN = (NT;(N+D)T;..;(N+ )T} -5 NTL + MA;—lTe,
(TY = {(N+1)Tseeern... S(N+)TY L (N )T

IIpH 3TOM TOYHOCTH Hpeofpa3oBanus coctasmseT T./M, a paspemwanias cnocoGHOCTh
+T./2M.

4. 3AKIIIOYEHHE

B pabote [7] npexcTasieH MHOrOKaHaIbHBIH Npeo6pa3oBaTeslb BPpEMS — KOM, B KOTOPOM
peanH30BaH JaHHBIH H3MEPHTENIbHBIH anropHT™. H3-3a HeNOCTATOYHOrO GHICTPOAEHCTBHA HH-
TErpajbHBIX CXeM, Ha KOTOpeIX paspaboran IIBK, npuuuroch npubernyrs K IpHMEHEHHIO
yeThipexda3Horo cnocofa u3MepeHNs BPEMEHHBIX HHTepBaIOB. CYIIHOCTh METORA COCTOMT B
OLIEHKE H3MEpAeMOro MHTEpBala MO YETHIPEM OAHHAKOBBIM IIKa/IaM, CABHHYTHIM ApYT OTHO-
CHTEJIbHO Apyra Ha 2 Hc. [IpuMeHeHHe NpOFpaMMHpYeMBIX JIOTHYECKHX MaTpui Gonbioi
CTelleHH HHTErpalMH H HHTEPIOJIATOpa HOBOIO THIA MO3BONWIM CO3NaTh STOT mpHOOp g
H3MEpPEeHHS BPEMEHHBIX HHTEPBAIOB.

Asrops! Onaropapst A.T. JluteHHerko u C.B. AdaHacreBa 3a HHTepec K pabore U mones-
Hble obcyxaerud. Mpl oueHp mpusHaTenbHbl npog. B.H. Ilenesy 3a mocTOAHHOE BHHUMaHHE H
NoAfepXKy Hamed pabotei B HyOwe.
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PA3PABOTKA U CO3JAHUE
AHAJIOTOBOM DJIEKTPOHHUKH CUUTHIBAHUSA
IUISA CUCTEMBI IPEH®OBEIX

KAMEP YCTAHOBKHY HADES

9.baoypa*, I0.B.3anesckuii, C.I1.9epnenxo

OnucaHbr pe3synsTaThl pa3paloTKH aHATOIOBOH AIEKTPOHHKH MIA CHCTEMBI Ipeico-
Boix Kamep ycraHoBk HADES, cosfanHolf Ha OCHOBE CHEUMATH3WPOBAHHOH MHKPO-
cxeMbl ASD-8. Uncno KaHanoB ycwurens-AHCKpHMHHaTOopa — 16, nuranue — + 3 B,
norpebnsemas MowHocTs ~ 30 MBT/KaH., paspelleHue Mapbsl HMOYIbCOB — Jiydtlle
100 Hc, meuaTHas wiaTa uMeeT paimepri 40 X 90 MM. JIIs MOJABIEHHS MOMEX BO BXOM-
HOM HEIKPAHHPOBAHHOM KaNTOHOBOM Kafene UCnons3yercs BTOPOii AndibeperuaisHbi
Bxon ycinutens. C nmoMOWIbIo NaHHOH 1EKTPOHUKH B OTJIANOYHBIX CEaHCax Ha Mydke
NOJTyJeHE! BBICOKHE NPOCTPAHCTBEHHOE paspelueHHe (o ~ 65) MxM K 3deKTHBHOCTD
pernctpaulH, CosmectHo ¢ I'CH, JlapMmiurant, 0praHH30BaHO MPOH3BOACTBO B IIPOMbILI-
JIEHHOCTH OKOJI0 32 ThiC. KaHAIOB JIEKTPOHHKH,

Pa6ota srinonxena s JlaGopatopHu BbicokHx 3Heprnid OHUSIH.

Development and Design
of Analogue Read-Out Electronics
for HADES Drift Chamber System

E. Badura, Yu.V. Zanevsky, S.P. Chernenko

Results of the development of an analogue read-out electronics for the multicell drift
chamber system of the HADES set-up are described. The electronics is based on the
ASD-8 chip (ASIC). Main parameters of the final version are the following: the number
of channels is 16, voltage supplies are & 3 V, power dissipation is ~ 30 mW/ch., double
pulses resolution. < 100 ns, PCB dimensions are 40 x 90 mm. The second differential -
input of the amplifier is used for HF-noise suppression. A spatial resolution of ~ 56 pum
(o) has been obtained with this electronics during beam test. About 32000 channels
have been produced in industry in collaboration with GSI, Darmstadt.

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

*I'CH, Mapmwrant
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1. BBEJEHHE

Tpekosas cucrema ycranosku HADES [1,2] npeacrasnsior coboit 4 «vamm», cocTos-
1wpe U3 O 3aNOJIHIEMBIX CMEChI0 Ha OCHOBE Ieius MHOTOCNOHHBIX ApeiicdoBbix kamep (MDC).
Yaiy pacnoyioXeHsl ONAaPHO: ABE BHYTPH CBEPXNPOBOMISAIIETO MarHuTa, IB€ — CHapyxH. Ta-
Kasd KOHCTPYKHHS H HeoGX0oauMOCTb OOECIEYHTh MAKCHMAIbHO BO3MOXHBIH TeJIECHBIH yrod
pErHCTpalii YaCTHI{ HAKXJIaOblBAaeT HAa BNEKTPOHHKY CUMTBIBAHHA, Bcero oxoso 30 Teic. KaHa-
7108, TpeGOBaHUE BHICOKOMH IIOTHOCTH YNaKOBKH, < 3,0 cm2/kan. Kpome Toro, 31ech TOIKHEI
ObrTh OBecneveHbl: a) BhICOKas TOYHOCTh perHcrpanuu (~ 100 mxM) u 6) xopoluee paspe-
iweHHe napsl UMnynascoB (< 100 nc). IlosTOMy a/eKTpOHMKA CUMTHIBAHHS, COCTOAMAd M3
yCHIHTesNeH, GOPMHPYIOIIHX Uene#l («WeHNepos») H MMCKPHMHHATOPOB, AOJKHA:

1) 6a3upoBaThCE Ha MUKPOCXEMaX BHICOKOH CTENEHH HHTETPALNHM, BXJIIOYaIOUIHX CIIOXHbIE
ennepsy;

2) notpe6aiTh Manyr MoiwHocTh, Fy < 50 MB1/kan.;

3) obecneunBars OBICTpbIH (DPOHT YCHIMTENS M KOPOTKHH MMIIYJIBC Ha BXOJE AHCKDHMH-
HaTopa.

KpaiiHss orpaHMYeHHOCTH IUIOMANM U1 Pa3MELLEHH JIEKTPOHUKH 3acTaBWiIa pe3Ko COo-
KPaTHTEH KONHYeCTBO KabepHbix koMMyHHKari. [udposas snekTponnka kopuposanus (BLI1
H JIOTHKA CYHMTbIBAHHS) PACIIoylaraeTcd Ha MAaTEPHHCKHX TUIaTaX HENOCPEACTBEHHO Ha KaMepax,
a aHAIOTOBas IEKTPOHHKA DacnofiaraeTcsd Ha HHX B BHOe JouepHux mwiaT [1,3]. Jannsle c
BUII, nocne nogasneHus «Hyned» (coctaBmaommx 0o 90% scedl uHOpMaLMK), NEPERAIOTC
B DAQ 1m0 HEMHOTOYHC/IEHHBIM IUIOCKHM KabessaM. JIonBoa CHrHaIOB Ha BXOX YCHJIHTENS OCY-
IECTRISETCA Yepe3 IUVIOCKHe THOKHe KanTOHOByle Kabesiw, MOCKOIBKY HCNONb30BaHHe Gonee
XeCTKHX (TeM Oonee SKpaHHDOBAHHBIX) JIEMEHTOB NEpelayH He NPENCTABILTOCH BO3MOX-
HbIM. B CBS3M C 3THM BO3HMKJIM [OTIOIHHUTEbHBEIE NPOOIEMbl: a) 3alMTHI BXONOB YCHIMTENIEH
OT BHICOKOYACTOTHBIX HABOXOK, BOHHKAIOLIHX OT paboTalollell B HeNOCPEICTBEHHOM OM30CTH
1hpOBOI ATEKTPOHUKH (XapaKTepHBIE MAapaMETPhl HENPEPHIBHO FEHEPHPYEMBIX 3ECH HMITYJIb-
COB ONOPHOIO CHIHAIA: aMIUTHTYHa — 10 5 B, ¢poHT ~ 2 — 4 Hc); 6) nepeKpecTHBIX HaBOLOK
B COCEJIHHX KaHatax U B) obecriedeHMs KayeCTBEHHOH «3eMJIH» MEXXy KaMepoH, aHaoroBoH
9NEKTPOHHKOH CYUHTHIBAaHMA M HU(POBOH MEKTPOHHKON KORHPOBAHUS .

2. BA3OBBIi DJIEMEHT AHAJIOTOBOM DJIEKTPOHHKH

B xavecTse Ga30Boro ajleMeHTa HaMu Obila NpEIIOXEHa H HCIOIb30BaHA CIIEHMATH3HPO-
BaHHad MuKpocxeMa ASD-8 [4]. MuxpocxeMa COCTOMT U3 8 OXHHAKOBBIX KaHA/OB, KaXIbIH
M3 KOTOPHIX CONEPXKHUT ObICTDHIH MasloIYMALMA YCHIHTEND, cXeMy GOPMHPOBAaHHS KOPOTKHX
HMIIYJIbCOB M JHCKPHMHHATOp. B cocTap lueinepa BXOIHT CX€Ma OTCEYKH «HOHHOIO XBO-
CTa», XapaKTEPHOIO VI Ta30BbIX MPOBOJIOUHBIX NETEKTOPOB. BTa MHKpOCXeMa, paboTaomas
OT HanpskeHua 3 B, omnnuaercs manoi norpebasemoit MouHocTsio < 30 MBt1/kan. Co6-
CTBEHHBIH (DPOHT yCWIIHTENA ~ 6 HC, 4TO 0beceunBaeT Xopolliee BpEMEHHOE pa3peLIeHHE, HO
NPy 9TOM MOBbIUAET YYBCTBUTEJIBHOCTh K HaBoxkaM. OIHAKO HaiMuyde B MHKpOcXeMe nud-
(hepeHIHATLHOR CTPYKTYPBI BCEX 3BEHBEB KaHala NPENOCTABIIAET BO3MOXHOCTh CYLIECTBEHHO
YIYYIUIHTH TIOMEXOYCTOHYHBOCTE, DFO KaYECTBO OKAa3alOCh B HallieM Ciy4ae HCKIIIOYHTELHO
NOJIE3HLIM JUIS YMEHBILEHUS BHICOKOYACTOTHBIX HABOJOK HA BXOJHBIE KaNTOHOBLIE Kabesn (He-
9KpaHUpOBaHHblE, IMHMHOH oT ~ 10 mo 40 cM) c BHIXOHA OHMCKDHMHMHATOpa M OT BHEIUHHX
BBICOKOYACTOTHBIX TIOMEX.
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3. YCWIMTEIb-®OPMHPOBATEIID

OcHOBHBIE pe3ynsTaTh OBUTH MOMyYeHH! NMpH pa3paboTke nepBoil 8-KaHaNBHOM BepcHH
YCHJIHTENA-IMCKPHMHHATOPa, n3roTorieHHoro B OIT OUSIN. Ilepsie HCIIBITaHHS, NPOBEIEH-
usie B JIBD OHMSIM Ha mpeiicdoBoi kaMepe ¢ KOHCTPYKTHBHBIMH IIapaMeTpaMH, OJIH3KHMH K
MDC-2 (BTOpBIMH N0 BEJIHYHHE), H IPOAYBAacMOH CMEChI0 Ha OCHOBe Te/IMA, IIOKA3AIH [ep-
CNEKTHBHOCTb NIPHMEHEHHS 3TOH MHKPOCXEMBbI Wi yKa3aHOH 3amayu (ycTodumsas pabota B
pearnbHBIX YCIOBHAX, IUIATO CYETHOH xapaKTepHCTHKH He MeHee 200 B, mmmynscer nocie ¢op-
MHDOBKH HMEIOT LIMpHHY N0 ocHoBaHMI0 < 50 HC) [5,6]. C nmoMompio 3TO 3NMEKTPOHHKH
OBUIH NPOBENCHBI MEPBBIE HCIBITaHHA MoaHOMacmTabHoro npororuna MDC-2 Ha nyuke mpo-
toHOB B I'CH [7]. BBU10 MosydeHo Bpicokoe (0 ~ 65 MKM) NpPOCTPaHCTBEHHOE pa3pellieHHe
H xopouas 3(peKTHBHOCTh PETHCTPALHMHK IIPH MCIIOJIB30BAHMH CMECH HA OCHOBE FeJIHS C NpH-
MEHEHHEM JaHHOH aHaNOrCBOM 2/EKTPOHMKH. B mpouecce manshedime# npopaGotku Bompo-
COB pa3MelleHHs KaMEpHOH S/IEKTPOHHKH BBISBUIACh HEOOXOMHMOCTD 3HAYHTENIBHO YBEIHYHTD
IUTOTHOCTh pasMemieHus KaHaoB. 3710 OBUIO peain30BaHO B OKOHYATelbHOH 16-KaHanbHOMH
BepcHM ycunurens-copmuposarens (DB-16).

Cxema DB-16 BrimojHEHa Ha Ne4aTHOH MHOTOC/IOHHO# TUiaTe, uMerwome# pasMepsr 40 x
90 MM, YTO COCTaBISeT BCETO ~ 2 cM%/kaH. Ha CHIHATbHOM BXOMe YCTAaHORNEHA 3alHTHas
uenouxka Ha ocHose guoga BAV99. Bropoii auddepeHManbHbiil BXOA YCHINTENS COEOHHEH
C «MycTON» JIMHHEH, HOyIleH BO BXORHOM Kabesle MapawIejbHO C CUrHAIBHOM, oGecneunBas
nozapicHde CuH(asHbiX MoMeX. BrixogHeie ToxoBsie uMIynscel ¢ ASD-8 npeo6pasyiorca B
mucbdepennuansubii curnan (£ 0,6 B), TpeGyeMslii o cnenugukanun npuMmengeMsix BIITT,
C MOMOIIBIO CONPOTHRIEHHH HAarpy3KH H ONOpHOTO Hanpaxenns. [ucdepeHnuansHelil Xapak-
TEp BBIXOAHOIO CHIHAjla YMEHbBIAET HAaBOAKY Ha BXOJ YCHWIHTEIA M OAHOBPEMEHHO IOBBIILACT
TOYHOCTb CpabaTbiBaHHs# KOMHPOBIIMKA. ITOCKONBKY BBIXOMHOM TOK AMCKPHMHMHATODA OIpaHH-
4yeH (~ 3 MA), ObUIH OpHHATH MEpH JI1 MUHUMAIBHOTO YBeJIMYEHMst BXOOHOH emkocT BIIIT
3a CYET TPACCHPOBKH, YTOObI MPENOTBPATHTh YMEHBLICHHE aMILTHTYABI KOPOTKHX BBIXOMHBIX
HMITYJIBCOB BCJIEACTBHE HHTEIrpHPOBaHMA. YKa3aHHas OpraHM3al(Ms BBIXOMHBIX UEMNEH M03BO-
Jia oboiTich 6e3 NONOJHUTENBHOrO BRIXOAHOTO Oycdepa, 4To 6BUI0 BeChMa BaKHO, IPHHUMas]
B Y4eT KpUTHYeCKHe NpobJIeMbl C IUIOTHOCTHIO MOHTAXa M NOTpebnseMoi MoIHOCTHI0. s
KOHTpONA 3a paboToi# JeTeKTopa Ha YacTH IU1aT OPraHM30BaHa CXeMa MOHHTODHPOBAaHHS aHa-
JIOTOBBIX CHTHAJIOB 110 KOoaKCHaIbHOMY Kabemo (puc. 1). Brot Beixoa (paszeM LEMO) Moxer
6bITh NPH HEOOXOAMMOCTH HCIIONB30BaH /I BhIBOAa cHrHana «O6mee WIIHW», peannsosannoro
Ha riate Ha 6a3se onepanuoHHOro ycunurend LM7131, cnoco6roro paGoTaTs 0T HH3KOBOJILT-
HOro HanpsxkeHus +3 B.

Ocnosnsie napamerpel DB-16: uncno kananos — 16, cob6cteennsie myMn — 1 ¢Ki,
¢poHT ycwintens — 6 HC, IEpPeJaTOYHOe CONMPOTHRIECHHE YcwiHTend — ~ 70 xOM, morpe-
6iasemas MomiHocTh — 30 MBT/kaH., HanpsxeHHe nutaHus — =+ 3 B, BX0oO M BBIXOH —
nudpgepeHIHATBHBIE.

IInatel ycmnuTesnteii-hopMupoBaTesieil Moc/ie KOMIUIEKCHBIX HCIBITAHHH ObUIM TOATOTO-
BiieHb! coBMecTHO ¢ I'CH s «mass-production» u u3roTorieHs! ¢pupMoi «Stephan Electron-
ics» B KoJIHYeCTBE ~ 32 ThIC. KaHAIOB. YKOMIUIEKTOBRHHBIC 3TOM 3JIEKTPOHHKON 2 MOIyns,
MDC-1 u MDC-2, ycrnemHo npopaboTanu B 2 ceaHcax Ha nyuke B [CH B centsbpe u nexa-
6pe 1999 r. OTMeueHa ycToiunBas paboTa, OTCYTCTBHE YBEJIMUEHHS LIYMOB MOCJIE HHTEIPALHK
9THX NETEKTOPOB B YCTaHOBKY, M MOJIydeHa BbicoKad 3(peKTuBHOCTL (> 98%) perucrpauun
TPEKOB YacTHL.
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Puc. 1. 16-xananbhas wiaTa aHas01080H aslekTponrdk DB-16 co cxeMOM MOHUTODHPOBAHHA CHIHAIOB
[0 KOakcHaTbHOMY xabenio (Bul cBepxy W cHu3y). Pasmep miatei 40 X 90 mMm

B zakmodenyue apTOps BIpaxarT myboKkyw bnaronapuocts JI.IT.CMsixosy, O.B.Marteesy,
C.Garabatos, C.Muentz, J.Stroth, J. Wustenfeld, P.Zumbruch 3a nomouis B pabote u moJjes-
HblE KOHCYnbTalkM, a Takxe A.E.MoOCKOBCKOMY 3a MOHTaX LEDBBIX SK3EMIUIpPCB 8- U 16-

KAaHAIBHBIX YCHIIMTeNIeH-(PopMHpOBaTENIEi.
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[Mansunk B.B.

[TanTeneen 1.

INenunonxkesuy 0.3,
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Ieuénos B.H.
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Pomanos C.B.
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Humennot yrazamens

Croneros [ /L. — N3, ¢.20
— Ned c.5
Crpenkosa JL.IT. — Ne3, ¢.43
Crpoxosckuit E.A. — Ne2,¢.5
Crpynos JI.H. — Ne4, c.5
Cyuwkos C.B. — Nel, c.14
Croit Ulyseii — Ne5,6, ¢.5
Tannpor C. — Ne4, ¢ 45
Tapatud A M. — Ne2, c.46
Taruusunu [.T. — Nel,c.14
Tkaués A.JL — Nel, c.14
Tonypns T.IL — Ne5,6, c.42
Tankny U. — Nel, ¢.56
Yxunckuit B.B. — Ne2, ¢.30
— Ned, ¢.24
Ycos 10.A. — Ned, ¢.5
Papu JI. — Ne2,¢.5
®dareen O.B. — No§.6, ¢.22
®Penopos A.H. — N4, ¢c.5
PumykuH B.B. — Ne4, ¢.5
Ouurep M. — Ned, c.5
Punrep M. M. — Ne4, ¢.5
Xauarypos b.A. — Ne4, ¢S
XBactyHoB M.C. — Ne3,¢c.28
Xnns W — Ne5,6, ¢.22
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Xpucrosa T.B. — Nel, c.14
[lapenkos A.I1. — Ne2, ¢.46
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— Ne5,6, ¢.5
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Yepuukor H.A. — No2,c.16
Yepuoix E.B. — Ne4, ¢.5
Usxan Tuanmeit — Ne§.,6, ¢.5
UYsxan Yen — Ne5,6,c¢.5
Yunauze B.I. — Nel, c.14
Yunaesa B.I1. — N3, ¢c.43
lila6yHor A.B. — Na2, c.46



Hmennot ykazamens
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Iunos C.H. — N4, ¢.5

[Inmos 10.A. — N4, ¢.5

Wrensuep I — Ne5,6, ¢.22

Hlrpor U.
Iyros B.b.

Ilepenes O.H.

lenpor B.A.
KOaun U.I1.
Sxymes A.B.
Snara A.
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— Ne5.6, ¢.22
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— Ne4, ¢.5
— Nel, c.14
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— N4, .5
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