
ELEMENTARY PARTICLE PHYSICS

The main activity under the ATLAS project in 2006
was concentrated on the installation and commissioning
of the ATLAS muon chambers produced in previous
years, on preparation for the physics research with real
ATLAS data, on installation and support of ATLAS
software in JINR, as well as on data preparation and
distributed analysis based on the Grid technology.

In 2006 cabling and commissioning of the ATLAS
BMS/BMF muon chambers (installed in 2005) contin-
ued. The cabling and commissioning is well within the
overall ATLAS installation schedule determined by the
access requirements and cabling sequence. About 75%
of the chambers were connected to the gas system. In
October 2006 a cosmic ray run of the 13th sector of the
muon spectrometer was launched.

The calculation of processes important for the
ATLAS physics programme was incorporated into the
SANC framework. A new event generator for the Higgs
boson decays H → ZZ → 4μ was developed [1]. The
generator takes into account the electroweak radiative
corrections and the quantum effects due to the presence
of identical particles in the ˇnal state. Another Higgs
decay H → μμγ was also implemented [2]. The full
decay width is 1.3 · 10−6 GeV (MH = 130 GeV/c2)
compared to 2.4 · 10−7 for H → 4μ decay.

An extensive study of the DrellÄYan processes
qq′ → W → μν and qq → Z → μμ has been per-
formed. Full calculations of the O(α) for the elec-
troweak and strong sectors were completed [3, 4]. Dif-
ferences of up to ∼ 10% with the lowest order calcula-
tions were found.

The possibility of the Higgs boson discovery in the
decay channel H → ZZ → 4μ has been studied. A

wide range (120Ä180 GeV/c2) of possible Higgs mass
was explored. The so-called ®irreducible¯ background
pp → ZZ → 4μ was suppressed by a factor of 2Ä3.
The other background from pp → tt and pp → Zbb
was suppressed by 2Ä3 orders of magnitude, making it
almost irrelevant for the signal selection. A new type
of background was discovered, which was never taken
into account before: random coincidence (in the same
bunch crossing) of two independent productions of a
single Z (pp → Z → 2μ). The contribution of this
background is about 10% of the total background.

A comparison of the predictions of the PYTHIA
event generator with the one created by the SANC group
(which took into account radiation corrections and
quantum effects of identity of the ˇnal state particles
(muons)) was performed. It was found that the identity
effects predicted slightly better signal/background sepa-
ration (the signal/background ratio improved by 5Ä10%)
(Fig. 1).

The signiˇcance of the Higgs boson signal was eval-
uated for different possible values of its mass with al-
lowance for the quantum effects of identity predicted
by SANC. Figure 2 shows the distribution of the in-
variant mass for the signal (MH = 130 GeV/c2) and
the background (mainly pp → ZZ). The signal signiˇ-
cance is expected to be 12Ä15 standard deviations after
three years of the LHC running.

The procedure for the ATLAS muon spectrometer
calibration using the DrellÄYan events pp → Z → 2μ
was developed. It was shown that this process allowed
precise estimation of the spectrometer efˇciency and
calibration of the muon momentum measurement. The
high efˇciency and purity of the selected sample also
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allow the DrellÄYan events to be used for the precise
determination of the LHC luminosity using the ATLAS
experimental data.

Fig. 1. Reconstructed invariant mass of the Higgs boson, sim-
ulated by the PYTHIA (line) and SANC (crosses) generators

Fig. 2. Invariant mass distributions for the signal (MH =
130 GeV/c2) and background (mainly pp → ZZ)

The latest versions of the ATLAS software are rou-
tinely installed and supported at the JINR central com-
puter farm at LIT. This software (and the LIT hardware)
was widely used in 2006 in the studies within the AT-
LAS physics programme. The user programmes of the
physics analysis were adapted for ATHENA.

JINR participates in the EGEE-RDIG initiative,
whose goal is to develop the Russian Tier-2 centre.
The main task of JINR in the ATLAS Grid is Monte-

Carlo simulation and distributed data analysis. During
2006 JINR participated in the large-scale testing of the
ATLAS system of distributed data processing and mass
production of simulation data (Computing System Com-
missioning and Service Challenge). Currently, the user
analysis programmes are being adapted to Grid tech-
nologies.

With the aim of understanding the performance of
the ATLAS Tile Hadronic Calorimeter to electrons
11% of modules were exposed to electron beams with
various energies by three possible ways: cell scan at
Θ = 20◦at the centres of the front face cells, η-scan
and tilerow scan at Θ = 90◦ for the module side
cells. The electron energy resolutions of the EBMÄ
(ANL-44), EBM+ (IFA-42) and BM (JINR-55) Mod-
ules of the ATLAS Tile Calorimeter at the energies
E = 10, 20, 50, 100 and 180 GeV and Θ = 20◦ and
90◦ and η-scan were extracted from the July 2002 test-
beam run data using the ˇt ˇlter method of the PMT sig-
nal reconstruction [5]. The statistical and constant terms
for the electron energy resolution were determined by
ˇtting of the quadratic σ/E = as/E2 + bs and linear
σ/E = al/E2 + bl expressions to the data obtained.
The energy resolution results have been compared with
the Monte-CarloÄbased parametrization. Good agree-
ment is observed for the linear ˇt. Comparison of the
corresponding values of the electron energy resolution
obtained by the �at ˇlter and ˇt ˇlter methods shows
their coincidence within the errors.

On the basis of exposure of the ATLAS Tile
Calorimeter to electron beams with various energies,
the e/mip values as a factor of the absorber thickness
were determined using different beam incident angles
[6]. The transition effect (e/mip < 1) and, for the
ˇrst time, its behavior as a function of the absorber
thickness are observed (see Fig. 3). The e/mip ratio
decreases logarithmically when the absorber thickness
increases. This is well described by the GEANT4
version 6.2 Monte-Carlo simulations. The detailed cal-
culation of the Tile Calorimeter Sampling Fraction pa-
rameter (TSF) GEANT4 Monte-Carlo simulation of the
ATLAS hadronic calorimeter (TileCal) within
ATHENA (common software framework of ATLAS)
was carried out [7]. Sensitivity of the e/h ratio of the
ATLAS Hadronic Tile Calorimeter to the proton conta-
mination in the positive-pion beams was studied [8]. It
turned out that the joint application of the proton con-
tamination correction and the correction for the event
selection criteria to the e/π ratios led to the unchanged
value of the e/h ratio: e/h = 1.36 ± 0.01.

The SANC project includes theoretical predictions
for practically all Standard Model (SM) 1 → 2 and
1 → 3 decays and many 2 → 2 processes at the
one-loop precision level. In 2006 the implementa-
tion of fermionÄboson processes f1f̄1ZZ → 0 and
f1f̄1HZ → 0 in the framework of the SANC sys-
tem was performed [1]. The further precision study
of DrellÄYan processes was carried out in [3, 9]. The
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simplest QCD processes [10] were included in the
SANC system. The precision calculations of the semi-
leptonic decay widths [11] are continued. Work on
SANC application to LHC physics is being carried out.
SANC version v1.00 is accessible from server at CERN
(http://pcphsanc.cern.ch/(137.138.180.42)), and version
v1.10 at JINR (http://sanc.jinr.ru/(159.93.75.10)). The
system is started to be widely used for physical appli-
cations.

Fig. 3. The e/mip ratio as a function of the absorber thick-
ness tabs of the Tile Calorimeter period (in radiation lengths).
Black squares are experimental points. The open triangle is
the prototype result, open circles are the GEANT4 (version
6.2) Monte-Carlo calculations for the TileCal test beam setup

The main results of the JINR/CDF group in 2006
are the measurement of the top-quark mass (Mtop) and
providing efˇcient operation of the CDF II setup. A
contribution of principal signiˇcance to precise mea-
surement of Mtop in ®lepton + jets¯ topology [12],
Mtop = 173.4 ± 2.5 (stat.) ± 1.3(syst.) GeV/c2, was
made. Method was updated for the top-quark mass
measurement in the dilepton decay channel. Work on
the Mtop measurement is in progress at the JINR com-
puter complex due to the LIT support.

Efforts of the Dubna group are also focused on the
efˇcient and stable operation of the detector for broad
c-, b-, t-quark physics studies at the highest available
energies. The Muon Control and Monitor System were
successfully upgraded.

A new method to extract the Mtop is proposed by
the University of Athens/Dubna group. The transverse
momentum of electrons and muons produced in the
tt̄ → dilepton and the tt̄ → lepton + jets channels
are sensitive to Mtop and can be accurately measured
providing the Mtop with a very small systematic error
and, at large enough integrated luminosity, with a very
small total error. The method is not affected by uncer-
tainties in the jet energy scale and is applicable to both
Tevatron and LHC collider experiments.

Parton level study of a possibility of correlation
measurements in VHM events has shown that although
the CDF resolution in particle parameter reconstruction
weakens the correlation, it still remains visible and at
least two-particle correlations can be measured [13].

During this year the main efforts of the DIRAC col-
laboration were aimed at upgrading the setup. A new
vacuum channel, two new heavy gas Cherenkov coun-
ters, new front-end and readout electronics for scintil-
lating detectors were manufactured at JINR. Beam test
was carried out for two planes of the new Scintillating
Fiber Detector with ˇbers 0.27 mm in diameter and a
working area of 100 × 100 mm together with the new
front-end electronics. The system of microdrift cham-
bers was upgraded at JINR and delivered to CERN with
the new front-end electronics. Data analysis for obtain-
ing the value of the π+π− atom lifetime with systematic
and theoretical errors, including generation of a new set
of Monte-Carlo events, was performed.

The rare kaon decay, K0
L → π0νν, is considered

as an ideal process for understanding the origin of CP
violation and a critical test for the standard model. The
theoretical uncertainty in the branching ratio, which is
predicted to be (3 ± 0.6) · 10−11 in the standard model
with parametric uncertainties from other experiments, is
only 1Ä2%. The decay has been considered as an ideal
process in the quark �avor physics for a critical test of
the standard model, as well as a search for new physics
beyond it. The present experimental limit is 5.9 · 10−7.

The KEK-PS E391a is the ˇrst dedicated experiment
to search for this decay. It employs two main concepts:
a pencil beam and a hermetic photon veto system in a
highly evacuated decay region. The experiment started
the data taking in February 2004, aiming at improv-
ing the current experimental limit by some orders of
magnitude. As a result, the single event sensitivity for
the K0

L → π0νν decay was calculated as the reciprocal
of the product of the averaged value of the numbers
of K0

L decays estimated from Kπ2 and Kπ3 with the
acceptance for the K0

L → π0νν decay estimated by a
simulation to be 1.17 · 10−7. Since there is no event in
the signal region and the expected level of background
is negligibly small, an upper limit for the K0

L → π0νν
decay is 2.9 ·10−7 at 90% conˇdence level by multiply-
ing a factor of 2.3 to the single event sensitivity [14],
this is the main result in 2006.

The E391a setup has taken data since January 2005
as Run II. From the prompt analysis and comparison
with the Run-I data, the membrane events reduced close
to one order of magnitude. The acceptance for the
K0

L → π0νν decay was estimated by using Monte Carlo
and real data, which improved more than 4 times com-
pared with that of Run I. After upgrading the E391a
has taken data since November 2005 as Run III. E391a
was the last particle physics experiment using the 12-
GeV proton synchrotron, which was closed in Decem-
ber 2005.
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In comparison with the original plan, the E391a
project has two main changes: the collaboraion spent a
lot of time in 2005 for additional data taking and the
received volume of experimental data now exceeds the
original amount (Run I) more than twice.

Fig. 4. First neutrino events recorded in OPERA

The year 2006 was a very important period for the
OPERA experiment. The neutrino beam from CERN to
Gran Sasso (CNGS) started up, all the electronic detec-
tors of OPERA were successfully commissioned, and
two ˇrst data taking runs with the CNGS beam took
place. As a result, the electronic detectors recorded the
ˇrst neutrinos sent from the CERN SPS (Fig. 4). The

main detector for the neutrino oscillation search is nu-
clear photoemulsions, OPERA's target bricks are made
of those emulsions interlaced with thin lead plates. The
mass production of those bricks started in 2006 as well
[15, 16].

JINR was taking an active part in the Target Tracker
detector commissioning, as well as in the software de-
velopment for the Target Tracker data analysis, an im-
portant issue in the OPERA experiment.

The TUS space experiment is aimed at measur-
ing the energy spectrum, composition and angular dis-
tribution of the Ultra High Energy Cosmic Ray at
E ≈ 1019−1020 eV to study the region of GZK cutoff.
The TUS space �uorescence detector is to be launched
in 2009 as a separated platform in the Foton-4 mission
prepared by a Samara enterprise. A new platform for
TUS was designed and its production is under prepara-
tion. A precise 3D Carl Zeiss device was put into oper-
ation in 2006 for measurement of the three-dimensional
surface with 5 μm accuracy and optical properties of
the Fresnel mirror prototypes. The energy resolution
of the �uorescence detectors is heavily related to the
uncertainties in the �uorescence production yield. Re-
cently the collaboration of the JINR (Dubna) and LAPP
(Annecy, France) scientiˇc groups has measured the
�uorescent light yield.

The aim of the NUCLEON project is direct Cosmic
Ray measurements in the energy range 1011−1015 eV
and charge range up to Z ≈ 40 in the near-Earth space
to resolve mainly the knee problem in the CR spec-
trum: a change of the slope from E−2.7 to E−3.0 at
∼ 1015 eV. Design and production of the technolog-
ical prototypes of the NUCLEON trigger system was
done in 2006. Different space qualiˇcation tests of
the system were fulˇlled at the RADUGA. The beam
test at CERN SPS was done together with the other
NUCLEON detectors. An analysis of the data obtained
is in progress.

LOW- AND INTERMEDIATE-ENERGY PHYSICS

The NEMO-3 detector located in the Modane Un-
derground Laboratory (LSM, France) is searching for
neutrinoless double-beta decay (0ν2β) N(A, Z) →
N(A, Z+2)+2e−, which would be an indication of new
fundamental physics beyond the Standard Model such
as the absolute neutrino mass scale, the nature of neu-
trino (either Dirac or Majorana), and neutrino hierarchy.
The goal of the running NEMO-3 is to check effective
Majorana neutrino mass 〈mν〉 at 0.2Ä1.0 eV sensitivity
(T 0νββ

1/2 (100Mo) ∼ 4 · 1024). The SuperNEMO plan is

0.04Ä0.1 eV with T 0νββ
1/2 (82Se) ∼ 2 · 1026 y.

The NEMO-3 detector has been taking ®Radon-
free¯ data (Phase II) at stable conditions since Decem-
ber 2005. Total statistics accumulated is 800 and 572

days for Phase I and Phase II, respectively. Huge 2ν2β
statistic accumulated allows us to check ˇne effects such
as tests of theoretical models that describe 2ν2β process
(Fig. 5). The possible presence of 2νββ processes with
majoron emission for the isotopes 100Mo and 82Se has
been tested studying the ββ spectra (Fig. 6). In par-
ticular, new limits on ®ordinary¯ majoron (spectral in-
dex 1) decay of 100Mo (T1/2 > 2.7 · 1022 y) and 82Se
(T1/2 > 1.5·1022 y) have been obtained. Corresponding
bounds on the majoronÄneutrino coupling constant are
〈gee〉 < (0.4−1.8) ·10−4 and < (0.66−1.9) ·10−4 [17].

The new programme with the aim of extending
the threshold energy region is assumed by the ANKE
collaboration. Single pion production in protonÄproton
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Fig. 5. Measured single electron energy spectrum of ββ decay in 100Mo in comparison with theoretical shapes simulated according
to the High State Dominance (a) and the Single State Dominance (b) models. Points mark experimental data. Calculated 2νββ
signal is drawn by light histogram, while the simulated subtracted background is shown by dark histogram. Events with sum
energy of two electrons above 2 MeV were selected in order to suppress the background signiˇcantly. The exposure is 4.57 kg · y

Fig. 6. Experimental energy sum spectra of two electrons emitted in ββ decay for 100Mo (a) and 82Se (b), which has been used
in [17] for search of ββ decay with majoron emission

collisions is the ˇrst inelastic process to test our under-
standing of the meson-baryon dynamics of the nucleonÄ
nucleon interaction. The most appropriate reaction,
pp → dπ+, has been a subject of intensive study
for a long time. In contrast, very little was known
about the isospin partner of this reaction, the process
pp → (pp)sπ

0, where (pp)s is a proton pair in the
1S0 state. Despite having kinematics very similar to
that of pp → dπ+, the process involves very different
transitions in the nucleonÄnucleon system and, in par-

ticular, the role of the Δ isobar, dominating there, is
expected to be much suppressed because the S-wave
ΔN intermediate state is forbidden. An active study
of the process only began in the last decade and was
restricted by the near threshold energy region. To ex-
tend this region, the ANKE collaboration at COSY
(Jéulich) assumed a programme which was launched by
measurement of the differential cross sections of the
pp → (pp)sπ

0 process at 0.8 GeV [18]. Although the
cross sections are over two orders of magnitude smaller
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than those of pp → dπ+, the process is well identi-
ˇed (Fig. 7). The angular dependence of the cross sec-
tion (Fig. 8) reveals a forward dip even stronger than
at lower energies 0.310Ä0.425 GeV. The results should
provide a crucial extra test of pion production models
used for description of nucleonÄnucleon collisions at
intermediate energies.

Fig. 7. Reactions seen at the momentum correlation plot in
the ANKE experiment at 0.8 GeV

Fig. 8. Angular dependence of the pp → (pp)sπ
0 differen-

tial cross section for the relative energy in the proton pair
Epp < 3 MeV

Within the framework of the LESI project, reac-
tions between light nuclei (pd, dd, d3He) at 2Ä12 keV
are studied [19]. The interest in this kind of reactions
is caused by a possibility of verifying symmetries in
strong interactions, determining the contribution to in-
teraction from exchange currents, checking the standard
Solar model. Research of the given processes in the in-
dicated energy region is rather problematic since inten-
sity of the beams of the accelerated particles produced
by classical accelerators is not sufˇcient and cross sec-
tions of nuclear reactions are extremely small. The use
of plasma accelerators with the liner plasma formation

in the direct and inverse Z-pinch conˇguration allowed
receiving the quantitative information on the astrophys-
ical S factors and effective cross sections of the pd
and dd reactions (Fig. 9). However, the highly accurate

Fig. 9. Astrophysical S factors for the dd reaction as a func-
tion of the deuteron collision energy. Closed circles, closed
triangles and closed squares are the data from other publi-
cations using TaD target (CD2target). Points 1Ä4 are the
results obtained with the liner plasma accelerator, 5Ä6 (CD2

target) Å with the Hall accelerator

measurement of the S factors and cross sections of the
pd, dd and d3He reactions with the use of the plasma
in the Z-pinch conˇguration is rather problematic. The
absence of reproducibility of the experimental condi-
tions from ®shot¯ (the act of the accelerator operation)
to ®shot¯ caused by the speciˇcity of the work of ac-
celerators of this class imposes certain restrictions on
accuracy of the measurements. This stimulated devel-
opment of alternative methods for formation of intense
charged-particle beams in the ultralow energy region.
For further research we developed and built a pulsed
ion source with the closed Hall current allowing ac-
celeration of plasma ions H+, D+ and 3He+ in the
collision energy range Ecoll = 2−12 keV. The pre-
liminary results of measuring the astrophysical S-factor
and effective cross sections for the dd reaction using
the deuterated polyethylene target (CD2) in the exper-
iment at the created Hall accelerator of the Scientiˇc
Research Institute of Nuclear Physics (Tomsk, Russia)
are as follows:

S(4.7 keV) = (31.9 ± 16.9 (stat.)±
± 3.2 (syst.)) keV · b,

σ̃dd(4.3 < Ecoll < 5.1 keV) =

= (3.2 ± 1.7 (stat.) ± 0.3 (syst.)) · 10−31 ¸m2,

S(5.1 keV) = (38.9 ± 11.7 (stat.)±
± 3.1 (syst.)) keV · b,

σ̃dd(4.7 < Ecoll < 5.5 keV) =

= 6.6 ± 2.0 (stat.) ± 0.5 (syst.) · 10−31 ¸m2.
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The observed values of the S factor and effective cross
sections σ̃dd for the dd reaction are in agreement with
the results obtained by JINR group earlier in the experi-
ments at liner plasma accelerators (in a conˇguration of
both direct and inverse Z pinch). As seen from Fig. 10,
there is a difference between the results of the dd exper-
iment with the CD2 and TaD (TiD) targets, which must
be clariˇed. The preliminary results have conˇrmed the
fact that the proposed technique using the Hall acceler-
ator can be effective to study nuclear reactions between
light nuclei in the ultralow energy region.

DUBTO is a joint JINRÄINFN (Italy) experi-
ment dedicated to studies of pion-nuclear interac-
tions at energies below the Δ resonance with the use
of visualization techniques such as the self-shunted
streamer chamber technique, developed at JINR, and
the nuclear photoemulsion technique. The streamer
chamber is ˇlled with the working gas mixture (at
present, 4He +10−3 admixtures) at atmospheric pres-
sure (ρ(4He) = 0.000178 g/cm−4).

Fig. 10. Distribution of the ratio between missing mo-
menta and missing energy for two-prong events identiˇed as
π± 4He → π± 4Heγ events (experimental points); the simu-
lated phase space histograms correspond to elastic scattering
(two similar symmetric peaks), photon production (narrow
high peak) and neutron knockout π± 4He → π±n 3He

The main results include the ˇrst observation of the
reaction channel π± 4He → π± 4Heγ in pion interac-
tions with helium nuclei (Fig. 10); revealed resonance
behavior of the invariant masses Mπ+nn and Mπ−nn,
measured in breakup reactions π± 4He → π± ppnn,

and similar resonance behavior in double charge ex-
change (DCX) reactions of π+ mesons in nuclear pho-
toemulsion [20]. The ˇrst direct estimation of the muon
neutrino mass from the π+ → μ+ν decay event was
performed: mν < 2.2 MeV [21]. At present ∼ 25000
π± 4He interaction events have been obtained.

In 2006 the analysis of radiative pion decay (RPD)
experimental data obtained by the PIBETA collabora-
tion in 2004 in a special experiment was ˇnished. This
new experiment was necessary because in 1999Ä2001
experiment on the RPD in the kinematical region deter-
mined by the angle between the photon and the positron
θγ,e > 40◦, the photon energy Eγ > 55.6 MeV and
the positron energy Ee > 20 MeV (region ‚), ∼ 20%
less RPD events were recorded than it was expected
according to the calculations based on the Standard
Model (SM).

New data were obtained on the PSI pion beam with
the 50Ä100 ŠHz stop rate. Such an intensity provided
suppression of accidental coincidences by a factor of ap-
proximately an order of magnitude in comparison with
the PIBETA experiment of 1999Ä2001.

Data treatment and analysis of the new data was
carried out independently by two groups of the collab-
oration (from Virginia and from Dubna) in order to get
more reliable results. Dubna physicists did not carry out
such a delicate and labour-consuming analysis before.

Fig. 11. Positron energy spectrum in π+ → e+ν decay. The
continuous curve is the Monte-Carlo simulation

In 2006 the collaboration treated and analyzed the
whole experimental statistics on RPD (∼ 6.12 · 1011

pion stops). Decays π+ → e+ν and μ+ → e+νν nec-
essary for energy calibration were investigated. About
∼ 240000 π+ → e+ν decays were analyzed. Positron
energy spectrum in this decay is shown in Fig. 11. In
Fig. 12 the measured spectrum of positrons in the decay
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μ+ → e+νν is shown. It is evident from the ˇgures
that the measured spectra well agree with calculation.

Fig. 12. Positron energy spectrum in μ+ → e+νν decay. The
continuous curve is the Monte-Carlo simulation

There have been found 17085 radiative pion decays.
Of them 7261 events were deˇned in kinematical region
B where the deˇcit of events was observed earlier. The
distribution of these events as a function of the parame-
ter λ = (2Ea/mπ) · sin2(θγ,e/2) is shown in Fig. 13.
The measured branching ratio of π+ → e+νγ in re-
gion B is (14.59 ± 0.26) · 10−8, while the SM value is
(14.490±0.005) ·10−8. Thus, the experimental data of
2004 are in good agreement with SM.

Fig. 13. Distribution of the π+ → e+νγ events as a func-
tion of the parameter λ = (2Ea/mπ) · sin2(θγ,e/2). The
continuous curve is the Monte-Carlo simulation

RELATIVISTIC NUCLEAR PHYSICS

Existence of the spinodal region for the hot nuclear
matter was predicted more than 30 years ago. Nuclear
rigidity is equal to zero on the border of this region.
Experimental information about the spinodal state of
nuclear matter is gained by studies of the process of
nuclear multifragmentation. The FASA collaboration
made a remarkable contribution in this ˇeld [22].

The spinodal decomposition is associated with the
liquidÄfog phase transition in a nuclear system rather
than with the liquidÄgas transition. This scenario is ev-
idenced by the following observations made by a num-
ber of collaborations, and FASA too:

• density of the system at the breakup is 2Ä3 times
smaller than the normal one ρ0 [23];

• the lifetime of the fragmenting system is very

small, ∼ 2·10−22 s (or ≈ 70 fm/c). It was measured for
the ˇrst time in Dubna (1994) by analysis of IMFÄIMF
(imtermediate mass fragment) angular correlations [24];

• the breakup temperature (T = 4−6 MeV) is
lower than the critical temperature for the liquidÄ
gas phase transition, which is found by FASA to be
Tc = (17 ± 2) MeV.

The last point is crucial for the statement about ob-
servation of the spinodal state of nuclear matter. There-
fore, a new and more reˇned analysis of the data to get
a more reliable value of the critical temperature and
breakup volume was done in 2006 (see Fig. 14) [25].
It is found that Tc � 18 MeV and Vt/V0 = 3 (or
ρt = 1/3ρ0).

Fig. 14. IMF charge distributions for p(8.1 GeV) + Au collisions. Symbols: measured IMF charge distributions. Solid lines:
calculated IMF charge distributions assuming Tc = 18 MeV and breakup volumes indicated. Dashed and dot-dashed lines:
calculated IMF charge distributions for Tc = 7 and 11 MeV
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Modernization of the FASA setup was accomplished
in 2006. The new setup, FASA-3, consists of 25 closely
packed telescopes dE(gas) × E(Si). It was created at
the H.Niewodniczanski Institute (Cracow). It allows
measurement of the IMFÄIMF correlation both in re-
spect to relative angle and in respect to relative velocity
with selection of fragments by charge and energy.

Further experimental studies are of great interest
for getting more information on the properties of the

spinodal state of nuclear matter. The scenario of the
spinodal decomposition is evidenced largely by the fact
that the breakup temperature is smaller than Tc, criti-
cal temperature for the liquidÄgas phase transition. The
value of Tc obtained by the FASA collaboration sup-
ports this scenario. We plan to perform a new study
to improve the reliability of determination of this key
thermodynamic parameter.

APPLIED SCIENTIFIC RESEARCH

Computer modelling of the 3He2+ ions dynamics
for different frequency characteristics were performed
within the framework of JINR Phasotron beams mod-
ernization programme. Simulation results show that
for all frequency modes of operation none of ions suc-
ceeded in crossing of critical transition energy. It is
necessary to provide special actions for changing the
accelerating ˇeld parameters in the moment of critical
energy crossing.

Under the JINR topic ®Physics and Technology of
Particle Accelerators¯ the cryogenic source of slow
positrons (CSSP) for the LEPTA ring was tested. The
experimental investigation of the slow positron �ux
from the CSSP was done with the 22Na radioactive
isotope of 0.8 MBq activity. The slow positron �ux
obtained had an intensity of 5.8 · 103 particles per sec-
ond at an average energy of 1.2 eV with the spectrum
width of about 1 eV (Fig. 15). The positron slowing-
down efˇciency was reached at the level of about 1%,
which corresponds to the best world results. The char-
acteristics of positron sources of such a design Å de-
pendences of the slow positron gain, the spectrum of
slow positrons and the spectrum width on the freezing
neon thickness Å were measured for the ˇrst time.

Fig. 15. Positron spectra at different thickness of the frozen
neon layer obtained with the electrostatic spectrum analyzer

The positron trap was assembled and tested with the
electron beam emitted by a special electron gun. The

electron gun can emit the electron beam in the energy
range of 10Ä50 eV with an energy spread of 3 eV and
an electron current of a few hundred femtoampers. The
number of electrons stored in the trap was as large as
Nmax = 1.7·108, which corresponds to the space charge
limit for this trap. An electron lifetime of about 30 s
was obtained (Fig. 16).

Fig. 16. Number of electrons stored in the trap vs storage time

The main goal of the topic ®Further Development
of Methods and Instrumentation for Radiotherapy
and Associated Diagnostics with the JINR Hadron
Beams¯ is to carry out medicobiological and clinical in-
vestigations on cancer treatment, to improve equipment
and instrumentation, and to develop new techniques
for treatment of malignant tumours and for associated
diagnostics with medical hadron beams of the JINR
Phasotron at the Medicotechnical Complex (MTC) of
DLNP.

Radiotherapy of cancer patients was carried out with
the use of the Rokus-M Co-60 gamma unit. A total of
49 patients received fractionated courses of treatment
(about 2000 single irradiations) during 2006. Work on
repairing the equipment damaged by ˇre was carried
out. To date, the line for transportation of the therapeu-
tic proton beam to the treatment rooms is completely
ready for work. The results of measuring radiopro-
tective action of 633-nm wavelength laser radiation on
survival of the C3H10T1/2 ˇbroblast mouse cells under
the action of gamma radiation or 150 MeV protons were
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analyzed. It turned out that both preliminary and sub-
sequent laser irradiation of ˇbroblasts led to an increase
in the survival of cells damaged with ionizing radiation
(the value of the dose-changing factor is within 1.3Ä
2.2). Simultaneous irradiation of the C3H10T1/2 cells
with laser radiation and protons also led to an increase
in their survival. It was found that the radioprotec-
tive action of the 633-nm wavelength optical radiations
is transferred to the ˇbroblast cells according to the
mechanism of the ®bystander¯ effect, too. The results
obtained show that the 633-nm laser radiation can be
used in the process of radiation therapy or surgery for
radioprotection of parts of the body, in particular, the
skin or nasal and oral mucous membranes. A com-
parative analysis of the genetic action of γ-rays and
ˇssion neutrons on exons and introns of Drosophila
genes was carried out. New data supporting the ˇrst
ˇnding about nonrandom distribution of DNA lesions
within the gene under study detected by the PCR assay
were obtained. The work on 2D-, 3D-simulation and
visualization of the spatial arrangement of the male ani-
mal sperm genome was continued in collaboration with
JINR LIT [26].
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