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FRANK LABORATORY OF NEUTRON PHYSICS
OF THE JOINT INSTITUTE FOR NUCLEAR RESEARCH

The Joint Institute for Nuclear Research (JINR) is an international centre for
experimental and theoretical investigations in the fields of elementary particle physics,
nuclear and neutron physics, condensed matter research and related topics.

The JINR structure is determined by the fact that it is governed internationally and
has many research specializations. Current scientific and financial affairs of the Institute’s
Laboratories, common services as well as the work of specialized departments are guided by
the Institute Directorate.

The Frank Laboratory of Neutron Physics is one of the eight JINR Laboratories. It
was established in 1956, soon after the foundation of JINR.

In 1960 a principally new source of neutrons - the IBR fast pulsed reactor of periodic
operation - was created at FLNP under the leadership of Prof. D.I.Blokhintsev (11.01.1908 -
24.01.1979). The birth of this reactor gave rise to a new direction in the development of
research neutron sources.

An extended scientific program with this reactor was initiated under the leadership of
Nobel Prize Winner and Laboratory Director Prof. I.M.Frank (23.10.1908 - 22.06.1990) and
Deputy Director Prof. F.L.Shapiro (06.04.1915 - 30.01.1973). Since 1960, a whole family
of unique pulsed neutron sources for nuclear physics and condensed matter physics has been
developed and constructed. The latest in the family, the IBR-2 high flux pulsed reactor, was
commissioned in February 1984. The Laboratory was named after Prof. I.M.Frank in 1992.
In the same year, in JINR the 1.M.Frank Prize for Neutron Physics was established.

At present, the scientific activity of the Laboratory focuses on two fields of physics,
namely nuclear physics and condensed matter physics. The first involves investigations of
the neutron as an elementary particle and studies of compound states in neutron induced
reactions. The second investigates pressing problems in the physics and chemistry of solid
states, surfaces and liquids, and in molecular biology. Applied investigations are also

carried out using nuclear physics methods.



PREFACE

We would like to offer the readers the report on the scientific activity of the Frank
Laboratory of Neutron Physics for 2006. The first part presents a brief review of the
experimental and theoretical results achieved in the main scientific directions — condensed
matter physics, neutron nuclear physics and applied research. The second part includes the
reports on the operation of the IBR-2 pulsed reactor and realization of the IREN project. The
third part is concerned with the development and creation of elements of neutron
spectrometers for condensed matter investigations. The fourth part presents the experimental
reports that cover the main scientific directions in greater detail. The list of publications for
2006 completes the report.

In 2006 the IBR-2 reactor operated 2250 hours for physical experiments. The main

results of the IBR-2 modernization in 2006:

The main task of the year — manufacturing of fuel assemblies (FA) for the IBR-
2M reactor — has been successfully fulfilled. In July, 2006 the license for manufacturing FA
in JINR was obtained, and on 12.07.2006 the first FA was made in the presence of a special
commission. On 16.11.2006 the work was completed: 89 FA were manufactured, which
provided an initial charge of the new reactor (63 FA) and burn up margin of about ~ 40 %.

In JINR Experimental Workshops: The manufacturing of rolling shielding was
completed, its check assembly and tests were carried out. The control systems of the reactor
were manufactured (emergency system units, compensating regulators, manual regulator).

Automated Safety Control System (ASCS) of IBR-2M: The prototype model of
ASCS (SNIIP-SYSTEMATOM) was manufactured and tested at the IBR-2 reactor. In SNIIP-
SYSTEMATOM the work on standard ASCS (including a new control panel) was started. In
the Institute of Electronic Control Machines (INEUM) the work to develop a system to
control technological parameters was continued. In JINR EW a prototype model of
compensating device (CD) drive was manufactured, work on a prototype model of emergency
shutdown system drive is in progress.

Complex of moderators for IBR-2M. In December, 2006, the manufacturing of
CHF-700/15 in “Heliymash”; detail design of moderators for 3 directions: beams 2-3, beams
4-6, beams 7-11 (NIKIET); design of technological part (SSDI); detail design of cryogenic
pipeline and intermediate heat exchanger (Heliymash) were completed. In FLNP the
calculations and experimental work on transportation of frozen CgHj, pellets were performed,;

design documentation on pellet generator was worked out.



Program of works at the IBR-2 reactor in the temporary shutdown mode (2007-
2010). The program of works at the IBR-2 reactor during temporary shutdown as well as the
schedule of works on modernization of IBR-2 in this period were developed, agreed upon and

approved.

IREN Project. The main tasks of the Frank Laboratory of Neutron Physics and the
Laboratory of Particle Physics in 2006 were the completion of disassembling of the IBR-30
reactor and the assembling of the available equipment of the first stage of the LUE-200 linac.

Decommissioning of IBR-30. In accordance with the approved working schedule of
the decommissioning the following works were carried out: «Report on Nuclear and
Radiation Safety Assessment of the Research Pulsed Reactor IBR-30 in 2005» was prepared
and submitted to Rostehnadzor of RF; all equipment from the reactor hall except for beam
shutters, which would be used for the first stage of IREN, was dismantled and moved to
building 117/b; All rooms of building 43 adjacent to the reactor hall were cleared; the
decontamination and preparation of the reactor hall to repair were carried out.

Works on the LUE-200 linac. The theoretical substantiation of the possibility to
obtain required parameters of an electron beam at the first stage of the linac was completed.
The MK1 klystron modulator was assembled at the regular place and adjusted. The modulator
and pulsed transformer for the electron gun were mounted at the regular place. Test
assembling of the SHF-path of the first section was carried out. The power frame of the
vacuum pump system of the LUE-200 first section was fully equipped. Test assembling was
carried out. Test assembling and certification of the buncher coil were carried out. In building
43 the focusing solenoid of the first accelerating section was mounted with geodetic tie. The
electron gun was assembled at the regular place. The pipeline laying-out of water supply for
the water-cooling and thermostabilization system of LUE-200 was completed.

At the IBR-2 neutron spectrometers a number of experiments were carried out in
currently central research directions.

In addition to the complex manganese oxides (manganites), whose main peculiarity is
the effect of colossal magnetoresistance, growing interest is being shown in the complex
cobalt oxides (cobaltites) of the Ln;.xMxCoO3 type, where Ln — lanthanide, M — alkaline-earth
element. From the scientific point of view, cobaltites are of interest due to strong correlations
between lattice, charge, spin and orbital degrees of freedom. And from the viewpoint of
practice cobalt oxides are of importance since they are used as electrodes in current power

supplies. The peculiarities of phase transitions in cobaltites are connected with the imbalance



between the intra-atomic Hund energy and the energy of crystal field corresponding to the
configuration of octahedrons of CoOs. As a result, the Co®* ion may be in three different spin
states: low-spin (LS, ty’e,’), intermediate (1S, tog°e") and high-spin (HS, e ?) state.

At the IBR-2 reactor the investigations of atomic and magnetic structure of cobaltites
were carried out (including experiments at high external pressures). At the HRFD
diffractometer the composition of PrysSrpsCoO3 was studied, in which several magneto-
structural phase transitions had been observed earlier. The diffraction spectra were measured
in a wide range of temperatures (10 — 780 K) mainly in the mode of sample heating. In this
range two phase transitions (T; = 120 K and T, = 300 K) were detected, in the course of which
magnetic and crystal structures of the sample change. On heating the symmetry sequentially
varies from triclinic to rhombic and then to rhombohedral one. The transitions are greatly
spread over temperature, and between 120 K and 300 K the phases coexist (Fig.1). The
magnetic measurements confirm that the structural transition at 300 K coincides with the
Curie ferromagnetic point. The nature of the magnetic transition at 120 K remains unknown
so far.

At the DN-12 diffractometer the investigation of the crystal and magnetic structure of
hexagonal frustrated manganites RMnO3 (R=Y, Lu) was performed at high pressures of up to
6 GPa. The obtained experimental data, along with the results of the previous investigations
of other hexagonal manganites, made it possible to relate the symmetry of triangular AFM
state with the parameter of distortion of triangular lattice s formed by Mn and O atoms. The
obtained generalized magnetic phase diagram allows one to explain the observed changes of
the symmetry of magnetic state at chemical substitution (change in the ion radius R of the
element) and on application of high pressure due to variation of s.

Undulation forces of lipid membranes. Membranes belong to the so-called random
fluctuating surfaces, which include a wide class of objects: from biomembranes to strings in
the modern field theory trying to describe all fundamental interactions from a single
viewpoint. This accounts for close attention of modern theoretical physics to biomembranes
and, in particular, to lipid membranes. The establishment of the law and an initial estimate of
the universal constant of interactions of such objects made by W. Helfrich in 1978 became a
significant result in the statistical physics of random surfaces. His estimate gave the value of
the universal constant 3m%/128. To appreciate the significance of the obtained result it may be
safely said that this law is as important for the physics of random surfaces as the perfect gas

laws for the point particle physics.



In 1986-89 C.R. Safinya et al. using the analysis of the shape of diffraction peaks from
amphiphilic multilayers obtained at X-ray high-resolution diffractometers on synchrotron X-
ray sources, interpreted the results of their experiments as complete quantitative verification
of the results of the undulation force theory including the distance dependence of the force
and the constant value 3m%/128. That was a triumph of W. Helfrich’s concept. But as the
further advancement of research in this field showed, it was a short-time triumph. Several
groups, including theoretical physicists concerned with the quantum field theory,
independently of one another and using different theoretical methods succeeded in obtaining
an exact value of the universal constant of these interactions. Their results coincided, but the
obtained value (close to 3m%/256) was twice as large as the experimental value. Such
contradiction of theoretical and experimental results has received the name "enigmatic" and
actually meant severe crisis in this field. In the work carried out with the participation of the
FLNP physicists, new approaches to study intermembrane interactions and to determine the
universal constant based on the investigation of temperature dependence of intermembrane
interactions by means of complementary use of small-angle thermal neutron scattering and
high-resolution diffraction on a synchrotron source have been developed. In particular, the
value of the constant 3m%/256 has been obtained that coincides with the theoretical
predictions. It also has been shown that the transition from multilamellar to unilamellar
membranes proceeds in accordance with a two-state model. In addition, for the first time the
true significance of undulation forces has been demonstrated — they really make a
considerable contribution into the balance of intermembrane interactions, and what is more,

become dominating at intermembrane distances larger than 20.5 A.

In 2006 a number of experiments were carried out and some interesting results were
obtained in the field of nuclear physics. The work to manufacture a full-scale facility to
measure a neutron-neutron cross-section on the YAGUAR reactor was completed. First
calibration measurements on rare gases with the well-known cross-sections were carried out.
The data from the experiment carried out at the reactor in ILL (Grenoble) to observe a change
in the neutron energy at passing through accelerated matter were processed. The existence of
the effect follows from the validity of the equivalence principle and detailed neutron-optical
calculations. The change in the neutron energy detected in the experiment is of the order of
2x107% eV, which is at the record level of accuracy attainable at the present state of the art.

The experiment aimed at checking the efficiency of control over the polarization of thermal



and epithermal neutrons using a radio-frequency field was carried out on beam H8 of the
KENS pulsed neutron source (KEK, Japan). The polarization of neutrons and analysis of their
polarization were performed by the devices on the basis of polarized *He with optical
pumping developed by the KEK-FLNP JINR collaboration in 2003-2005. The experimental
results agree well with the calculations and have demonstrated high efficiency of the proposed
method. The developed technique will be used to control neutron polarization in the
experiment to verify T-invariance in interaction of polarized neutrons with polarized nuclei.
The experiment is planned to be carried out on the JSNS source, which is under construction
at present. In the framework of experiments to search for neutral currents in nucleon-nucleon
interactions and to determine weak m-meson coupling constant, in collaboration with PNPI,
ILL and TU Munich on beam PF1B of cold polarized neutrons (ILL, Grenoble) a “zero”
experiment was performed to determine the background asymmetry for a series of
measurements of P-odd asymmetry in the reaction °Li(n,a)H.

Within the collaboration Jyvéskyla-Darmstadt-Dubna-Gatchina in JYFL (Finland) a
series of experiments to study fission using two mosaics of semiconductor detectors was
carried out. In the first experiment angular and mass-energy correlations of fission fragments
in the reaction 2*U + “He (40 MeV) were investigated. The angular resolution of the facility
made possible a direct search for the ternary collinear decay events. A number of effects,
which could give indirect evidence to the existence of exotic fission modes, were discovered.
In the second experiment a precision measurement of energy distributions of a-particles and
nuclei of °He emitted in the process of *°°Cf ternary spontaneous fission was performed. A
significant deviation of spectra from the Gaussian shape was observed in a low-energy region.

In the framework of collaboration with ISR RAS the specialists from FLNP and LRB
performed calculations of angular dependence of efficiency of the Lunar Exploration Neutron
Detector (LEND) (one of the instruments of the NASA Lunar Reconnaissance Orbiter 2008)
intended to map the flux of neutrons from the lunar surface to search for evidence of water ice
and provide measurements of the space radiation environment which can be useful for future
human exploration. Also, experimental calibrations of the laboratory prototype of the
instrument were carried out.

In the framework of the International Program «Atmospheric Heavy Metal Deposition
in Europe — Estimations Based on Moss Analysis» a series of works that involved
simultaneous collection of samples in 2005-2006 in a number of regions in Central Russia,

Southern Urals, Belarus, Bulgaria, Slovakia, Poland, Romania, Serbia, Macedonia, Croatia



and Greece for multielement activation analysis at the IBR-2 reactor was completed. The
results of the analysis on 13 elements: Al, As, Cd, Cr, Cu, Fe, Hg, Ni, Pb, Sb, Ti, V and Zn
will be submitted to the European Atlas of Atmospheric Heavy Metal Deposition. Similar
studies were carried out in Mongolia and Vietnam. The results of the analysis of moss-
biomonitors from biosphere reserves (Prioksko-Terrasny and Voronezh biosphere reserves)
obtained in collaboration with the Institute of Global Climate and Ecology (Moscow) are of
particular interest.

In conclusion, it might be well to point out that great interest is being expressed by the
JINR Member States in the work in the field of neutron investigations. It is also significant
that in the last few years a lot of young people have come to the Laboratory. All these facts
confirm that the Laboratory continues to develop successfully and dynamically, carrying out

investigations in the interests of the JINR Member States.

04.04.2007 A.V.Belushkin

Director



NMPEANCITIOBMUE

BawemMy BHVMMaHWIO Mpeg/iaraeTcd OTYET O HayyHOW [feaTenibHOCTW JlabopaTtopum
HENTPOHHOIN pu3nkn um. .M. dpaHka 3a 2006 rog. B nepsoit yacTu npefAcTaBfeH KpaTkuii 0630p
3KCMEPUMEHTaSTbHbIX 1 TEOPETUYECKNX PEe3YyNbTaToB MCCMEA0BaHWIA, LOCTUTHYTLIX MO OCHOBHbIM
Hay4HbIM HanpasfieHWsM — (M3MKe KOHAEHCMPOBaHHBIX Cpef, HEMTPOHHON ALEPHON u3nke w
NpUKNagHbIM UccnefoBaHnsaM. BTopas YacTb BKIHOYAET OTUYETHI 0 paboTe MMMY/IbCHOTO peakTopa
MBP-2 n peannsaummn npoekta WMPEH. TpeTbd 4acTb MNOCBSiLLeHa pa3paboTke W CO34aHUI0
3/IEMEHTOB HEWTPOHHbIX CMEKTPOMETPOB [AN8 WCCNef0BaHUA KOHAEHCUPOBaHHbLIX cped. B
4eTBEPTON YacTW NpeACTaB/eHbl 3KCMEPUMEHTa/IbHbIE OTYETbl, KOTOpble 60/ee MoApPo6HO
OCBELLa0T OCHOBHbIE HanpaBeHWs 1ccneaoBaHnin. 3aBepLuaeT OTYET CNUCOK Ny6mKaumin 3a 2006
rog.

B 2006 r. peaktop WMBP-2 oTpaboTan Ha (M3NYECKUIA 3KCMEPUMEHT 2250 4acos.
OcCHOBHbIe pe3ynbTaTthbl N0 MogepHusaumm bP-2 B 2006 T.:

CnaBHas 3ajaya roga — MW3roTtoB/ieHME TennoBblgenawwmx coopok (TBC) ana
peakTopa MBP-2M. B utone 2006 r. 6bin1a nosyyeHa nuueH3ns Ha nsrotosnedme TBC B8 ONAN, a
12.07.2006 r. cobpaHa nepsas TBC B NnpucyTCTBMU cnelmansHor komucenn. 16.11.2006 r. paboTa
Oblna 3aBepLUeHa: n3rotosneHo 89 TBC, UTo o0becneumBaeT CTapTOBYHO 3arpy3Ky HOBOrO peakTopa

(63 TBC) n 3anac Ha BbiropaHme okono 40 %.

B OnbiTHOM npounssoacTee (OIN) ONAN. 3aBepLueHO U3rOTOB/IEHME OTKATHbIX 3aLUUT,
NpoBejeHa NX KOHTPO/IbHas cOopKa M UCMNbITaHWs; VI3roToB/eHbI OpraHbl PerympoBaHns peaktopa
(610KM aBapUINHOW 3aLLMTbI, KOMMEHCHPYHOLLME PErynsaTOpbl, PyUYHOW perynsarop).

ABTOMaTM3NpOBaHHaA cuctema ynpasneHus 3awntbl (ACY3) UBP-2M. 3aseplueH
onbITHbIA 06pasey ACY3 (CHUUM-CUCTEMATOM), NpoBoAATCS ero UCrblTaHUS Ha peakTope
NBP-2. B CHUUIM-CUCTEMATOM Hauatbl paboTbl No wraTtHoi ACY 3, BK/IKOUas HOBbIA NyNbT
ynpasneHus. B WVHCTUTYTe 3MEKTPOHHbLIX Yynpasasowmux mawunH (MH3YM) npogomkannch
paboTbl MO CO34aHWK0 CUCTEMbI KOHTPOJI TEXHOMOrnyeckmux napameTpos. B Ol OUAN
M3roTOB/IEH OMbITHBLIA 06pasel, NpMBoAa KoMneHcupytowero opraHa (KO), BegeTcs paboTta Hafg

OMbITHLIM 06pa3LLOM NPUBOAA aBAPUNHOW 3aLLMTHI.

Komnnekc 3amegnutenein MBP-2M. B aekabpe 2006 r. 3aBepLueHbl: U3rotoeneHne KIry-
700/15 B «[l"enmilmaluie»; TeEXHUYECKMIA NPOEKT COOCTBEHHO 3aMefinTenein Ans 3-X HanpaB/eHWUNA:
2-3 ny4ykn, 4-6 nyuku, 7-11 nyuykm (HUKWNIT); npoekT TexHonormyeckorm 4actu (FCrin);
pabounii NPOEKT KPMOreHHbIX TPYOONPOBOAOB U MPOMEXYTOUHbIX TEN006MeHHNKOB ("enuiiMall).

B JIH® BbINOMHEHbI pacYeTHbIE M 3KCNEPUMEHTa/IbHbIE Pab0Tbl MO TPAHCMOPTUPOBKE LLIAPUKOB Y3



3aMOpPOXKEHHOro Me3uTuneHa CoHjp, paspaboTaHa KOHCTPYKTOPCKas AOKYMEHTaLMs Ha reHepaTop

LLIApPUKOB.

MNporpamma paboT Ha peakTope VIBP-2 B peXknme BpemeHHOro octaHosa (2007-2010
rogbl»). Pa3paboTaHa, corsiiacoBaHa v yTBepxxeHa nporpamma pabot Ha VIBP-2, a Takxke rpagmk

paboT no mogepHu3zaumm MI6P-2 B nepnoj BpeMeHHOro 0CTaHoBa.

MpoekT VPEH. MnaBHbIMK 3agadyamu JlabopaTopuy HETPOHHOW (pr3nkn 1 Jlabopatopum
(m3mkn yvactuy B 2006 rogy ABNSNOCL 3aBepLleHMe [emMOHTaxa peaktopa MBP-30 1 MOHTax
nmMetoLerocs obopyaoBaHus NepsBoii ovepean yckoputens J1y 3-200.

BbiBog 13 skcnnyatauum MBP-30. B COOTBETCTBUM C YTBEPXKAEHHBLIM NaHOM-Tpamkom
BbIBOZA M3 3KCNyaTaumu, Oblv BbINONHEHbI Ceaytowmne paboTbl: NOATOTOB/IEH U NPEACTAB/EH B
rocrexHagsop P® «OTyeT MO OUEHKE COCTOSHWUA SAEpPHOM W pafuauyoHHOM 6e30MacHOCTY
MMMYNbCHOrO uUccnefgosatensckoro peaktopa (MP) MBP-30 B 2006 roay; AeMOHTUMPOBAaHO U
TpaHCNopTMPOBaHO B 3daHue 117/6 Bce 060OpyaoBaHME W3 3a7a peakTopa 3a WCK/IYEHUEM
LUNGEPOB NYYKOB, KOTOPble OYAyT MCNOMb30BaHbl 41 nepBoi ovepean VIPEH; ocBob6oX4eHbI BCe
CMEeXXHble C 3a/10M peakTopa MomeLleHnsa 3aaHna 43; NpoBefeHa AesakTnBaumsa 1 NoAroToBka 3ana
peakTopa K peMOHTY.

Pa6oTbl no yckoputento J1¥Y3-200. 3aBeplUeHO TeOpeTMYecKoe 060CHOBaHMe
BO3MOXXHOCTW MOJTYHYEHMSI HYXXHbIX NapameTpoB MyyKa 31eKTPOHOB B 1-0iM oyepefn YCKOpUTENS.
CMOHTMPOBAH Ha LWTaTHOM MeCTe U HanaxeH moAynatop kauctpoHa MK1. CMOHTMpoBaH Ha
LUTaTHOM MeCTe MOZY/IATOP U UMMY/bCHbIA TpaHC(OpMaTop A4/15 3NeKTPOHHON NyLw kK. MposeaeHa
KOHTpONbHasi coopka CBY-TpakTa nepBoi CEKUMW. YKOMMNEKTOBaHA CTOMKA MUTaHUSi CUCTEMBI
BaKyyMHbIX HacoCOB MepBoil cekumm J1Y3-200. MpoBedeHa KOHTPONbHas cbopka. poussegeHa
KOHTPO/IbHasA cOopka W MmacrnopTusaumsa Katywku rpynnvposatens. B 3gaHun 43 npowvssefeH
MOHT&X C reofje3nyeckoin NpuBA3KOM (DOKYCUPYHOLLEro COMIeHOMAA NepBOM YCKOPAHOLLEN CEKLMN.
CMOHTMpOBaHa Ha LUTAaTHOM MeCTe 3/IeKTPOHHas nywka. [0 KoHua roga OyfdeT 3aBepLueHa
MPOK/aKa Tpaccbl BOAOCHAOXEHMS AN CUCTEMbI BOLOOXNXKAEHUSA U TepmocTabunmsauymm J1y 3-
200.

Ha HeATPOHHbIX cnekTpomeTpax VIBP-2 BbINONHEH psf SKCMEPUMEHTOB MO aKTyaslbHbIM
Hay4HbIM HanpasneHUAM.

Bcneg 3a CnoxHbIMM OKcupamu mapraHua (MaHraHutamu), OCHOBHOM OCOGEHHOCTbHO
KOTOpbIX SBASETCH 3((eKT KOM0CCabHOr0 MarHWTHOIO COMPOTMB/IEHWS, PacTyLUiA UHTepec
NPOSIBNISIETCA K C/IOXHbIM OKcuaaM Kobanbta (kobanbtutam) Tuna LniMyCoOs, rge Ln —
NaHTaHug, M — WenoyYHo3eMesbHbIN 3/1eMeHT. C Hay4YHON TOUKWN 3peHUs KOBasibTUTbl UHTEPECHDI

CUNbHBIMW  KOPPEeNAUUAMMN MeXay PELUETOYHbIMKW, 3apAaoBbiMU, CMUHOBLIMU U Op6I/ITafIbeIMI/I



cTeneHsMmn cBobofbl. OKcuabl KobasibTa BaXKHbI A1 MPAKTUKN B CBA3U C MX UCMO/Ib30BAHWEM B
KayecTBe 3/1eKTPOAOB B WCTOYHMKAX Toka. OCOBGEHHOCTWM (ha30BbIX MepPexofoB B KOGanbTUTax
CBAi3aHbl C HapylleHneM OanaHca MeXxpay BHYTPUMATOMHOM 3Hepruend XyHZa W 3Hepruew
KPUCTa/IINYECKOrO MONS, CBA3aHHOM C KOHMUIypaLyeii okTasgpos CoOs. B pesynbTate, noH Co>*
MOXEeT HaxOAWUTbCA B TPEX pPasHbIX CMWHOBLIX COCTOAHUAX: HU3KOCNMHOBOM (LS, tzgﬁego),
MPOMEXYTOUHOM (IS, tag eq") BLICOKOCTIMHOBOM (HS, trg'ey?).

Ha peaktope WBP-2 npoBefeHbl MCCMeAoBaHUA aTOMHOM W MarHWTHOM CTPYKTYpbI
KO6aNbTUTOB, B TOM 4MCNe MNPU BbICOKUX BHEWHWX pAaBneHusx. Ha gudpaktometpe PABP
n3yyasncs coctas PrysSrpsC003, B KOTOPOM paHee Hab/oaIMCh HECKO/IbKO MarHUTO-CTPYKTYPHbIX
(ha3oBbIX nNepexofoB. [AuMpakUMOHHbIE CMEKTPbl ObLIM  M3MEpPeHbl B LUMPOKOM [ManasoHe
Temnepatyp (10 — 780 K), B OCHOBHOM B peXume HarpeBa obpasuya. B 3Tom AmanasoHe
06Hapy>xeHbl aBa (a3osbix nepexoga (T1 = 120 K n T, = 300 K), B X0fe KOTOPbIX U3MEHSOTCA
MarHUTHas W  KpUCTa/indeckasd  CTPYKTypbl o6pasua. [lpy  HarpeBaHuM  CUMMETPUS
nocnefoBaTeNlbHO MOBbIWAETCA OT TPUKIMHHON [0 POMOUYECKOM M 3aTeM O POMOO3LPUYECKOIA.
Mepexofbl CUNbHO pa3mbIThbl N0 Temnepatype a mexay 120 K n 300 K hasbl COCyLLECTBYHOT.
MarHuTHble U3MEepPEHUs MOATBEPXKAAIOT, UTO CTPYKTYpHbIA nepexoa npu 300 K coBnagaeT ¢
(heppomarHUTHOW Toukoi Kiopu. MNpupoga MarHWTHOro nepexofa npu 120 K noka ocrtaetcs
HEeN3BeCTHOM.

Ha pandpaktometpe [AH-12 npoBefeHO WUCCNeAOBaHWE KPUCTA/IIMYECKOW WM MarHUTHOM
CTPYKTYPbI FeKcaroHaslbHbIX (PPYCTPUpPOBaHHbIX MaHraHuToB RMnOs; (R=Y, Lu) npu BbICOKMX
faBneHnax Ao 6 [Tla. lMonyyeHHble 3KCNepUMeEHTaslbHble AaHHble, BMECTe C pe3ynbTaramu
npeablaywmx WCccnefoBaHMn ApYyrux rekcaroHalbHbIX MaHraHUTOB, MO3BOAWAN YCTaHOBUTb
B3aVIMOCBA3b MEXAY CUMMETpUein TpeyrosibHoro A®M COCTOSHWUA C MapaMeTpoOM MCKaXKeHWs
TPeyrofibHOW peLleTkn s, 06pa3oBaHHON atomamy Mn 1 O. lNMony4yeHHas 0606LeHHas MarHMTHas
(hazoBast guarpamma Mno3Bo/sieT OOBLACHWUTL HabnojaeMble U3MEHEHWUS CUMMETPUU MarHUTHOrO
COCTOAHMSA MPU  XUMWYECKOM 3aMelleHUn (U3MeHeHMM WOHHOro paguyca R anemeHTa) U
MPUIOXKEHNN BLICOKOTO [aB/IEHNS 3a CHET BapuaLun s.

OHAYNAUMOHHbIE CUMbI MNUAHBIX MembpaH. MembpaHbl OTHOCATCA K TaK Ha3blBaeMbIM
clyyqaiHbIM  (hYKTYUPYIOLMM  MOBEPXHOCTAM, K KOTOPbIM  MPUHALNEXUT  LUMPOKWIA  Knacc
06bEKTOB: OT 6MOMeMOpaH O CTPYH B COBPEMEHHOW TeopuMn MOAS, NbITaloLWENCcs ONMcbiBaThb C
eIMHON TOYKM 3peHMns Bce (DyHAAMEHTa/IbHbIE B3aMMOAENCTBUSA. ITO ABNASETCA OLHON U3 NPUUUH
BHMMaHUA COBPEMEHHOIN TEOPETUYECKON (DM3UKM K GMOMeMOpaHam W, B YaCTHOCTU, K INMUAHLIM
mMeMbpaHaM. 3HauuTe/IbHbIM Pe3y/IbTaTOM CTAaTUCTUYECKON (U3NKMU CNyvalHbIX MOBEPXHOCTEMN
Ob1/10 ycTaHoBNeHMEe B 1978 rogy B. Xenb(puxom 3akoHa M OLEHKa YHMUBEPCa/IbHON KOHCTaHTbI

B3aMMOAENCTBMS TakMX OOBEKTOB. Ero oueHka fdana 3HayeHWe KOHCTaHTbI 3n%/128. OTmevas



3HaYMMOCTb NOJTYYEHHOro pe3ysibTaTta, MOXHO CKasaTb, YTO 3TOT 3aKOH UrpPaeT Takyto e posib B
(hr3rKe cnyyaiiHbIX NOBEPXHOCTEN, KaK M 3aKOH MAeabHOr0 rasa B PU3nKe ToUeUHbIX YacTuy. B
1986-89 rogax C. CalvHbs M Ap., UCMONMb3yS aHanM3 (POPMbl ANKDPAKUMOHHBLIX MUKOB OT
MY/IbTUCNONHBIX aMUUIbHBIX MYNIbTUC/OEB, U3MEPEHHBIX HA PEHFEeHOBCKUX AM(pakTOMeTpax
BbICOKOTO  paspelleHnss Ha CUHXPOTPOHHbIX  WUCTOYHMKAX  PEHTrEHOBCKOIO  M3/y4YeHus,
WHTEPNpPeTMpoBa/IN  pe3yfibTaTbl  CBOMX  3KCMEPUMEHTOB  KaK  MOJIHOE  KOJIMYECTBEHHOE
MOATBEPXKAEHME pPe3y/bTaToB TEOPUW OHAYNALMOHHBIX CWA, BKIKOYas 3aBUCUMOCTb CWUbl OT
pacCcTOAHUA N KOHCTaHTY 3n%/128. 310 6bINO Tpuymdom kKoHuenuun B. Xenbpuxa. Ho Kak
nokasano fda/bHelillee pasBUTME WUCCNeA0BaHWI B 3TOW 06/1aCTW, 3TO Obl1 BPEMEHHBIA TpUyMd.
Heckonbko rpynmn, B TOM Yucie (PU3MKN-TEOPeTUKN, paboTaroline B 06/1aCTW KBAHTOBOW Teopuwu
Mons, He3aBMCUMO Apyr OT Apyra W WCMo/fb3ys pasfinyHble TEOPeTUYeCKMe MeTOAbl, CyMenu
MOMYUYNTb TOYHOE 3HAYEeHWE YHMBEPCA/IbHOW KOHCTaHTbl 3TUX B3aMMOLENCTBUIA. VX pe3ynbTaThl
COBManM, HO MOMY4YeHHOe 3HaueHue, 6inMskoe K 3m%/256, B fBa pasa OT/MYaeTCsd  OT
9KCMEPMMEHTA/IbHOr0 3HayYeHUs. Takoe MNPOTMBOPEYME TEOPETMYECKUX W 3KCMEepUMEHTaNIbHbIX
pe3y/ibTaToB MOMYYNN0 Ha3BaHWe “3arafloMHOro” W (hakTUYeCKWM O3Ha4vasio ryooKWUin Kpusnc B
AaHHON o6nacTn. B paboTe, BbIMNOMHEHHON C y4yacTueM (PU3NKOB JIH®, 6binn pasBuUTbl HOBblE
MoAXoAbl ANA UCCNefoBaHWs MeXXMeMOpaHHbIX B3aMMOAENCTBUIA U OnpefenieHns YHUBepCabHOM
KOHCTaHTbl, OCHOBaHHble Ha MWCCNefoBaHUM TeMMEPaTyPHON 3aBUCUMOCTM MEXMEMOPaHHbIX
B3aVIMOAENCTBUIA C MOMOLLBIO KOMM/IEMEHTApPHOIO WCMO/b30BaHWUS Masioyr/IoBOrO  paccesHus
TENNOBbIX HEWTPOHOB U AM(PaKLMN BbICOKOTO Pa3peLleHnss Ha CUHXPOTPOHHOM WUCTOYHWKe. B
YaCTHOCTM, MOMYYEHO 3HAYEHMEe KOHCTaHThI B3aWMOfelicTBus paBHoe 3m°/256, coBnajaroLlee ¢
TEopeTUYeCKn npefckasaHHbIM. MoKa3aHO TakxKe, YTO MePEXof OT MY/IbTUCIOMHbLIX K OAUHOUYHBIM
membpaHaM MPOUCXOAMT B COOTBETCTBUM C TEOPETUYECKM MPeACKA3aHHOM MOLeNbio  [ABYX
COCTOSiHWIA. Kpome TOro, BnepBble MOKa3aHO, KakoBa UCTUHHAS BENMUYMHA OHAYALUMOHHbLIX CUN -
OHW [eNCTBUTENIbHO BHOCAT 3HAYMTE/IbHbIVA BKaL B 6afaHC MeXXMeMOpaHHbIX B3aMMOLEACTBUN 1,

60oriee TOro, 3TV CUfbl CTAHOBATCS AOMUHUPYIOLMMM Ha PacCTOAHMAX 60/bLie 20 A.

B 2006 r. 6bin BbINOMHEH pAd PaboT U MNOMyYeHbl UHTEPECHbIE pe3yrnbTaTbl B 061acCTy
AAEPHON Pr3MKK. Bbinn 3aBepLUeHbl paboTbl MO M3rOTOBIEHMIO NOMHOMACLLTA6HON YCTaHOBKN A5
M3MEPEHUSA CEYEHUSA pacCesHNS HEMTPOHa Ha HeTpPOoHe Ha peakTope AYAP. BbinonHeHb! nepsbie
KanMObpoBOYHbIE N3MEPEHUS HA MHEPTHBIX ra3ax ¢ XOPOLLO U3BECTHbLIM CEYEHMEM.

O6paboTaHbl 3KCMEPUMEHTANIbHbIE [aHHbIE 3KCMEPUMEHTa MO HabMOAEHUIO W3MEHEHWUS
SHEPrUM HEMTPOHA MPY MPOXOXKAEHUN Yepe3 YCKOPEHHOe BELLeCTBO, NPOBEAEHHOMO Ha peakTope
AN (FpeHo6nb). CyulecTBoBaHMe  3dbekTa CredayeT U3 CNpaBed/iMBOCTM  MpUMHLMNA

IKBUBA/IEHTHOCTU N AE€Ta/IbHbIX H€I7ITpOHHO-0I'ITI/N€CKVIX pacyeToB. I3MeHeHne 3Heprum HEI7ITpOH&,



3apernucTpUpPOBaHHOE B OMbITE COCTABAANO BeMNUYMHY nopsagka 2x10™° 3BuTo aBnseTCA pekopAHbIM
MO YPOBHIKO TOYHOCTM Ha cerofgHsi. Ha nyyke H8 mMMMNynbCHOro HEMTPOHHOro UcToYHMKa KENS
(KEK, AnoHusa) npoBefeH 3KCMEepPUMEHT, LefIbl0 KOTOPOro fAB/snach NpoBepKa 3P(eKTUBHOCTM
ynpas/ieHns nonsipusaumeli TENOBbIX U 3MUTEN/IOBbIX HEATPOHOB C MOMOLLBIO PaAMOYacTOTHOIO
nons. lMonspusaums HEMTPOHOB M aHa/IN3 UX MOMAPU3aLMN OCYLLECTBAA/INCL YCTPOMCTBAMU HA
OCHOBE MO/APWN30BAHHOI0 *He C ONTUYECKOM HaKauKoiA, Co3aaHHbIMK Konnabopaumeit KEK-NTH®
ONAN B 2003-2005 rr. Pe3ynbTaTbl 3KCNepUMEHTa XOPOLLIO COracyroTcs C pacyeTammn 1 nokasaam
BbICOKYIO  3(PEKTMBHOCTb  MPeL/IOKEHHOr0  MeTofa. PaspabotaHHas MeToavka  6yget
MCNOMb30BaHa AN15 YNPaB/ieHUs HEeWTPOHHOM nonspusauneid B 3KCMepuMMeHTe Mo nposepke T-
MHBaPWaHTHOCTW BO B3aUMOZENCTBMMN MOMSAPN30BaAHHbLIX HEMTPOHOB C MOJISPU30BaHHLIMU SApaMu,
MOCTAaHOBKA KOTOPOro MiaHUpyeTca Ha cTposLemca UcTouHnke JSNS. B pamkax 3KCnepuvMeHTOB
MO NMOUCKY HeWTpasibHbIX TOKOB B HYK/TIOH-HYKNOHHbIX B3aUMOZAENCTBUAX 1 ONpeseNieHnto cnaboii
T-ME30HHOW KOHCTaHTbl CBA3W B Konnabopauum ¢ MUAAD, UM n TY MioHxeHa npoBeaeH
«HY/NIEBOM» 3KCMEPUMEHT MO  ONpefeseHnt0  (POHOBOW aCMMMETPUM Ha MyYKe XONIOA4HbIX
MoNsSiPU30BaHHbIX HenTpoHoB PF1B (11, TpeHobnb) Ans uMkna W3MepeHuid P-HeyeTHOM
acMMeTpum B peakumu °Li(n,a)*H.

B konnabopauun HOBsckiona-Aapmwtaar-Ay6Ha-MatumHa B JYFL (®uHnaHans) 6bina
NnpoBefeHa Cepus 3KCMEPUMEHTOB MO W3YYEHUIO [efleHUsi C WCMOMb30BaHWEM [ABYX MO3auK
NoNynpoBOAHMKOBLIX [ETEKTOPOB. B nepBom 3KcreprMeHTe UCCNeA0Ba/INCL YI/I0BbIE U MacCOBO-
3HEpPreTNYeCKne Koppenaumm OCKO/IKOB [eNeHns B peakumu 28y + “He (40 Ma3B). ¥Yrnosoe
paspeLleHne YyCTaHOBKM MO3BOMSNO BECTU MPSAMOMA MOWUCK COObITUIA TPOMHOIrO KOMNMHEApHOro
pacnaga. bbin 06Hapy>keH psaf 3ddeKToB, KOTOpble MOryT AaBaTb KOCBEHHOE YKas3aHuwe Ha
CYLLIECTBOBAHME 3K30TUYECKUX MOA [efieHns. Bo BTOPOM 3KCMepvMeHTe 6bl10 MpoBeLeHO
MPeLV3OHHOe N3MEPEHIe SHEPTeTUYECKNX pacnpeaeneHunii a-yacTuL, v aaep *He, ncnyckaembix B
MpoLecce TPOMHOTO CMOHTAHHOTO feneHust 2°?Cf. Habnioganoch CylecTBEHHOE OTKMOHEHMe
CMeKTPOB OT [MayCCOBCKOM (DOPMbI B HU3KO3HEPreTUYECKOW 061acTH.

B pamkax cotpyaHuuyectea ¢ MKW PAH cneunanuctamn JIH® n JIPB 6binv NpoBefeHbl
pacyeTbl  Yrf0BOM  3aBMCUMOCTU  3ppeKTMBHOCTM  nabopaTopHoro  npubopa  JIEHA,
NpegHa3HaYeHHOro [A/19 aHanm3a HEWTPOHHOrO M3/yvyeHMss Ha opbute JlyHbl B COCTaBe
op6utanbHoro annapata HACA Lunar Reconnaissance Orbiter 2008. Bbinn TakXe MpPOBeeHbI
3KCMeprMeHTasTbHble KaIMBpPOBKKN NabopaTopHOro NpoToTmna npuoéopa.

B pamkax mMeXxayHapogHoi nporpaMMbl «ATMOCHEPHbIE BbIMaAEHUA TSHKENbIX METasNoB
(TM) B EBpone — OLEHKN Ha OCHOBE aHann3a MXOB-OMOMOHWTOPOB» 3aBEpPLUEH GO/MbLUIOW LMK
paboT, CBA3aHHbIX C O[HOBPEMEHHbIM c6opoM 06pa3uoB B 2005-2006 rr B psige paioHOB

LleHTpansHoi Poccun, KOXHoro Ypana, benopyccumn, bonrapum, Cnosakum, Monbin, PyMblHUK,



Cepbun, MakefoHumn, Xopsatuu u I'peunn ons nNpoBefeHUs MHOTM03/1EMEHTHOIO aKT1BaLMOHHOIO
aHanm3a Ha peaktope MBP-2. PesynbTatbl aHasm3a no 13 anemeHtam: Al, As, Cd, Cr, Cu, Fe, Hg,
Ni, Pb, Sb, Ti, V n Zn 6yayT nepefaHbl B EBponenckmii ATnac aTMocgepHbIX BbinageHnii TM.
AHanornyHble unccnefoBaHus nposedeHbl B MoHronmm u  BbeTHame. Oco6blil  MHTepec
NPeACTaBNAT  pe3ynbTaTbl aHanM3a MXO0B-OMOMOHMTOPOB M3  OMOCKEPHBLIX 3arnoBefHUKOB
(Mpriokcko-TeppacHOro n BOpPOHEXCKOro), nosyyeHHble B COTPYAHWYecTBE C VHCTUTYTOM
rno6anbHOro KnMmMara u skonorum (Mocksa).

B 3aknto4eHne MOXHO OTMETUTb, YTO HabMOAAeTCA POCT UHTEpeca CTpaH-yvacTHUL ONAN
K pabotam B 061aCTV HEATPOHHbIX WUCCNeAOBaHWA.  BaxHo, 4TO B MOCNegHWE ToAbl B
JTabopatopuio MpULLIO [0BOMIBHO MHOFO MOJIOAEXW. Bce 3TV (pakTbl MOATBEPXAAOT, YTO
JNabopatopus NpofosikaeT YCMEeWwHo W [AMHAMWUYHO pa3BMBATbCH, MPOBOAA WCC/MefoBaHWS B

NHTepecax cTpaH-yyacTHUL OVAN.

04.04.2007 A.B. benyLlwkuH

AupekTop



1. SCIENTIFIC RESEARCH
1.1. CONDENSED MATTER PHYSICS

In addition to the complex manganese oxides (manganites), whose main peculiarity is the
effect of colossal magnetoresistance, growing interest is being shown in the complex cobalt oxides
(cobaltites) of the Ln;xMxCoOj3 type, where Ln — lanthanide, M — alkaline-earth element. From the
scientific point of view, cobaltites are of interest due to strong correlations between lattice, charge,
spin and orbital degrees of freedom. Cobalt oxides are important in practice since they are used as
electrodes in current power supplies. The peculiarities of phase transitions in cobaltites are
connected with the imbalance between the intra-atomic Hund energy and the energy of crystal field
corresponding to the configuration of octahedrons of CoOg. As a result, the Co®* ion may be in three
different spin states: low-spin (LS, tx;°e,"), intermediate (IS, to;°e,") and high-spin (HS, ty,"e,?) state.

At the IBR-2 reactor the investigations of atomic and magnetic structure of cobaltites were
carried out (including experiments at high external pressures). At the HRFD diffractometer the
composition of PrysSrosCo0O3; was studied, in which several magneto-structural phase transitions
had been observed earlier. The diffraction spectra were measured in a wide range of temperatures
(10 — 780 K) mainly in the mode of sample heating. In this range two phase transitions (T; = 120 K
and T, = 300 K) have been detected, in the course of which magnetic and crystalline structures of
the sample change. On heating the symmetry sequentially varies from triclinic to rhombic and then
to rhombohedral one. The transitions are greatly spread over temperature, and between 120 K and
300 K the phases coexist (Fig.1). The magnetic measurements confirm that the structural transition
at 300 K coincides with the Curie ferromagnetic point. The nature of the magnetic transition at
120 K remains unknown so far.
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Fig. 1. Structural phase content in a sample versus temperature.

At the DN-12 diffractometer the investigation of the crystalline and magnetic structure of
hexagonal frustrated manganites RMnO3; (R=Y, Lu) was performed at high pressures of up to
6 GPa. The obtained experimental data along with the results of the previous investigations of other
hexagonal manganites made it possible to relate the symmetry of triangular AFM state with the
parameter of distortion of triangular lattice s formed by Mn and O atoms. The obtained generalized



magnetic phase diagram provides an explanation for the changes observed in the symmetry of the
magnetic state caused by chemical substitution (change in the ion radius R of the element) and high
pressure due to variation of s (Fig. 2).
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Fig. 2. Phase diagram of hexagonal manganites RMnO3; and schematic representation of AFM
structures of the symmetry 'y and M1 +1».

In the framework of structural investigations of the factors influencing the stabilization of
ferrofluids a planned study of the effect of surfactant excess in ferrofluids on their stability started.
As the first system the classical ferrofluid based on magnetite dispersed into benzene and covered
by a single layer of oleic acid was chosen. It is known that this system shows the most stability if
the whole surfactant is adsorbed on a magnetite surface, i.e. in the absence of free surfactants in
solution. In this connection, the solutions of oleic acid (C17H33COOH) in deuterated benzene (CsDs)
were studied by small-angle neutron scattering. The aim of the study was to determine the character
of interaction between molecules of the acid, and also to clarify the possibility of their
clusterization. On the whole, scattering curves in the Guinier approximation (Fig. 3) point to the
repulsion between the surfactant molecules. However, the value of the second virial coefficient
B = -0.02 determined from these data is significantly larger than that for the system of hard spheres
(B = -8). This suggests that the attraction component is essential in the pair potential of interaction
between molecules. The volume of molecule of oleic acid, 657 A®, determined from the SANS data
differs considerably from its Van der Waals volume, 523 A% and, at the same time, practically
coincides with the specific volume of pure oleic acid in its liquid state. In order to clarify the given
observation, the simulation of the studied system by molecular dynamics methods started.



= OA-5%

e OA-10%
OA - 15%

v OA-25%
OA - 35%

I(q), cm”-1
HiH
HH
HH
HH
HH
H
-

t N

0,01 ' ' R 0,1
q, Ar-1

= |0C
Linear Fit
Y=A+B*X
Weight given by res_errorlO/c error barsj
i \ A 2.81288 0.01102
-‘\ = B -0.06192 4.4763E-4

lo/c
n
/

Fig. 3. Scattering curves of oleic acid solution (OA) in deuterated benzene with various
concentrations and dependence of scattering intensity at zero angle in the Guinier approximation
on concentration. For the bottom graph a negative slope is observed, which is indicative of
repulsion between oleic acid molecules in solution.

At the REMUR spectrometer the investigation of the magnetic ordering and domain
structure in the layers 20x[Fe(1.993nm)/Cr(1.2nm]}/MgO was carried out. In this structure the
magnetizations of neighboring iron layers are directed antiparallel. In the plane of layers there exist
domains, which are also ordered antiferromagnetically. The type of interlayer ordering depends on
the thickness of chromium layer. It was proposed to change the thickness of chromium layer by
pressing and stretching it using a sound wave of megahertz range. In reflectometric experiments
with polarized neutrons the effects of change in diffused neutron scattering from the domain
structure and of occurrence of inelastic neutron scattering due to the onset of oscillations of the
magnetic moments of layers were observed. The dependence of polarization ability on the Qx
component of momentum transfer (along the neutron beam) was determined at various values of the
sound frequency fo =50 MHz and 3f, = 150 MHz (Fig. 4). It can be seen that with increasing
frequency the Qx distribution widens, which suggests that the size of the domain decreases. Thus, it
has been shown that it is possible to control the magnetic structure of the antiferromagnetically-
ordered structure 20x[Fe(1.993nm)/ Cr(1.2nm]/MgO by changing the level or frequency of the
sound wave. This opens a new possibility to control the magnetic structure, which is characterized
by a high speed of response.
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Fig. 4. The dependence of polarization ability on the Qx component of momentum transfer (along
the neutron beam) at various values of sound frequency at neutron scattering from the films
20x[Fe(1.993nm)/Cr(1.2nm]/MgO.

At the DN-2 diffractometer the decay of hydrated clathrate with deuterium (composition
32D,:136D-,0) was studied at heating up to 250 K with the fixation of stages of its decomposition.
Short-term (15 min) heating of the sample with the subsequent hardening down to the temperature
of liquid nitrogen (95 K) made it possible to perform stepwise removal of hydrogen from clathrate
pores at the same conditions of long-term exposition to study interaction of the matrix with the
molecules of interstitial deuterium. It turned out that the lattice parameter under these conditions did
not depend on the deuterium concentration, i.e. no signs of increase of its interaction with the lattice
were shown. In order to solve the question on the nature of deuterium extraction, the intensities of
individual reflexes were analyzed. Thus, the compositions of hydrides at annealing were determined
graphically by imposing the column of experimental intensities on the calculated raster (Fig. 5). The
calculation of initial scattering by the Rietveld method gave the best agreement at the concentration
of 32 molecules of D, per cell, where 16 molecules are in a large cage (8b, 2 mol. each) and 16
molecules — in a small one (16¢c, 1 mol. each). After short-term (15 min) heating up to the
temperature of 145 K changes in the clathrate structure are minimal. Gradual removal of hydrogen
is possible up to the temperature of 195 K, when the growth of impurity phase of ice starts and the
composition reaches the minimal value x=16g,+16*0.716,=27.2% 0.5D,. On warming up to 220 K
the decomposition of clathrate along with the appearance of intensive lines of ice crystalline phases
(Th, Ic) with a noticeable portion of amorphous ice of low density are observed.

Complex investigations of physical properties of synthetic single-crystal quartz and quartz
powder in a temperature region of a-f transition were conducted by neutron diffraction and
mechanical spectroscopy. The crystal structure of quartz powders with various average sizes of
grains was determined in a temperature interval up to 620°C and at a temperature of a-[3 phase
transition. Temperature dependences of values of internal friction and resonance frequency in
quartz samples were obtained in the vicinity of the phase transition temperature at the excitation of
vibrations in the planes parallel and perpendicular to the Z axis of quartz. Different values of
temperatures of the points of maximum of internal friction lying in the interval of 560-620°C were
registered. Possible reasons for the displacement of transition temperature were suggested. The
maximum of internal friction, which is not associated with the structural transformations in quartz,
was revealed in the vicinity of 350°C. The aim of further studies is to find reasons for the
displacement of the point of phase a-f3 transition in quartz and the nature of the internal friction
peak at 350°C.
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Fig. 6. Comparisons of the Gey(v) spectra of crystalline (Cr-2 and Cr-3) and orientational glass
(OG) solid phases of 2,3-dimethylbutane with the Gea(v) spectra of isolated molecules
calculated within one phonon scattering approximation.

At the inverted geometry spectrometer NERA the study of vibration spectra of hexane
isomers was conducted accompanied by the calculations in the framework of the DFT method.
Inelastic scattering spectra were measured for the isomers: 2- or 3-methyl-pentane and 2,2- or 2,3-
dimethyl-butane with a general formula CgHy4. Simultaneously, the diffraction spectra of these
samples were measured, which allowed us to control the structure of solid phases. DFT calculations
of the structure and dynamics of molecules of the studied isomers were performed to interpret a
low-frequency part of the internal vibration spectrum, which is clearly seen in the experimental
spectra measured at a low temperature. Special interest in these calculations was aroused by the fact
that the inelastic scattering spectra of diisopropyl measured in the glassy and crystalline phases
differ from each other. The comparison of the calculated and measured spectra (Fig. 6) shows that



internal vibrations in the orientation glass state correspond to the vibrations in a gauche-form of a
molecule. This implies low potential barriers for internal rotations of molecular groups CH(CHj3),,
which was also confirmed by the DFT calculations.

At the DIN-2PI spectrometer the investigation of atomic dynamics in superionic and non-
superionic phases of AgCuSe was carried out for the first time using the slow neutron scattering
technique. The analysis of the dynamic structural factor S(Q,w) points to the presence of low-
energy modes in the energy region of 3-4 MeV in the ordered state of AgCuSe, which presumably
correspond to acoustic phonon modes. A correlation was established between the transition of
AgCuSe into the superionic state and the changes in the dynamics of crystalline lattice involving an
abrupt change in spectra of the dynamic structural factor, generalized density of phonon states,
thermodynamic properties. An increase in thermal oscillation amplitude, a change in heat capacity
at the transition into the superionic state are indicative of considerable softening of the phonon
spectrum in a- AgCuSe. The phonon state density G(€) in a- and # AgCuSe is characterized by the
non-Debye behavior in the low energy region and by two pronounced maxima at € 10 and
20 MeV (Fig. 7). The reason for G(€) deviation from the Debye dependence is the presence of low-
energy excitation mode. At the transition from 3 to a phase the smearing of maxima is observed at
€ 10 and 20 meV, as a result of a change of many factors in the atomic dynamics of the studied
system.
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Fig. 7. Neutron-weighted generalized density of phonon states G(¢) of AgCuSe in superionic and
non-superionic phases.

In 2006 a series of works on experimental determination of the universal constant of the
interaction of fluctuating surfaces was completed. The interaction of this type (undulation forces)
manifests itself in a wide class of objects — from biological membranes to strings in the modern
field theory trying to describe all fundamental interactions from a single viewpoint. This accounts
for close attention of modern theoretical physics to biomembranes and, in particular, to lipid
membranes. The establishment of the law and an initial estimate of the universal constant of
interactions of such objects made by W. Helfrich in 1978 became a significant result in the
statistical physics of random surfaces. His estimate gave the value of the universal constant 3m%/128.

In 1986-89 C.R. Safinya et al. using the analysis of the shape of diffraction peaks from
amphiphilic multilayers obtained at X-ray high-resolution diffractometers on synchrotron X-ray



sources, interpreted the results of their experiments as complete quantitative verification of the
results of the undulation force theory including the distance dependence of the force and the
constant value 3m%/128. That was a triumph of W. Helfrich’s concept. But as the further
advancement of research in this field showed, it was a short-time triumph. Several groups, including
theoretical physicists concerned with the quantum field theory, independently of one another and
using different theoretical methods succeeded in obtaining an exact value of the universal constant
of these interactions. Their results coincided, but the obtained value (close to 3m%/256) was twice as
large as the experimental value. Such contradiction of theoretical and experimental results has
received the name "enigmatic™ and actually meant severe crisis in this field.

In the work by V.l.Gordeliy, V.G.Cherezov and J.Teixeira a new approach to study
intermembrane interactions and to determine the universal constant based on the investigation of
temperature dependence of intermembrane interactions by means of complementary use of small-
angle thermal neutron scattering and high-resolution diffraction on a synchrotron source has been
developed. In particular, the value of the constant 3m%/256 has been obtained that coincides with the
theoretical predictions. It also has been shown that the transition from multilamellar to unilamellar
membranes proceeds in accordance with a two-state model. In addition, for the first time the true
significance of undulation forces has been demonstrated — they really make a considerable
contribution into the balance of intermembrane interactions, and what is more, become dominating
atintermembrane distances larger than 20.5 A.

Figure 8 illustrates the experimental dependence of the theoretical parameter 17 (derived
from the analysis of diffraction data) on the structural parameters of membranes (membrane
thickness dy and repeat distance d) obtained using small-angle neutron scattering. This dependence
made it possible to determine the value of the universal constant.
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1.2. NEUTRON NUCLEAR PHYSICS
Introduction

In the course of the year 2006 the main work in the field of neutron nuclear physics in the
Frank Laboratory of Neutron Physics was carried out at the IBR-2 reactor, the EG-5 facility, on
neutron beams of other nuclear centers of Russia, Bulgaria, Poland, Czech Republic, Germany,
Republic of Korea, China, France, USA and Japan. The studies were in traditional directions, such
as the investigation of time and spatial parity violation processes in the interaction of neutrons with
nuclei, studying of the quantum-mechanical characteristics, energy and dynamics of the fission
process, experimental and theoretical investigation of the electromagnetic properties and beta-decay
of the neutron, gamma-spectroscopy of neutron-nuclear interactions, studies of atomic nucleus
structure, obtaining of the new data for reactor applications and nuclear astrophysics, experiments
with ultracold neutrons, and applied investigations.

1. Experimental investigations
1.1 Fundamental properties of the neutron

1.1.1 Experiment on the direct measurement of the cross section of neutron-neutron scattering

The work in the framework of preparation and carrying out of an experiment on the direct
measurement of the cross section of neutron-neutron scattering at the YAGUAR reactor (RFNC-
VNIITF, Snezhinsk).

In 2006 a complete set of collimators out of a mixture of the enriched boron and sulfur (for
central collimators) and out of a mixture of the boron carbide and sulfur (for the rest of collimators)
was manufactured. Vacuum tests of a lower part of the channel with the collimators installed in it
were carried out. The tests showed that in the tested configuration (without an upper part of the
channel) at the standard pumping the vacuum of ~3 10° mbar is reached, which is enough to
perform measurements of the nn-scattering. (The assembled lower part of the facility during the
tests is shown in Fig. 1 and Fig. 2).

A test of an ion pump (of the «NORD-250» type) was carried out when it was installed
instead of one of the turbo-molecular pumps. The test showed that the use of this pump does not
lead to an improvement of the vacuum inside the vacuum system.
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Fig. 3. Diagram of the facility for calibration
measurements on gases.

Manufacturing of the  additional
equipment to assemble a neutron channel under
the reactor and carrying out of the upper work
(under the ceiling of the reactor hall) to
assemble the elements of the neutron channel
completed.

The main part of elements of the design
of the modernized detector was manufactured.
Tests of the vacuum density of the detector
case were carried out. Various operating modes
of the detector were studied in order to
decrease maximally the pulse duration
preserving the amplitude resolution.

Thus, the work to manufacture a full-
scale facility to measure the cross section of
neutron-neutron scattering at the YAGUAR
reactor was completed.

The facility was successfully tested in
Dubna, conveyed to Snezhinsk, mounted and
adjusted at the YAGUAR reactor.

In order to check working capacity of all
systems of the facility during the real
measurements at the reactor and also to check
the reliability of the obtained results first
calibration measurements on gases have been
carried out. The diagram of measurements is
given in Fig.3. A cavity inside the reactor core,
in which the neutron-neutron scattering is to
take place, is filled by a rare gas with the well-
known scattering cross section at the pressure
of ~100 torr. The cavity is separated from the
vacuum channel, by which the neutrons
scattered on a gas hit the detector, by a thin
aluminum foil. All other parts of the facility
(except for the detector, the sensitivity of
which has been lowered and has been equal to

6.6 10 in contrast to 100% efficiency for recording of the n-n scattering) are the same as for the
measurement of n-n scattering 40 pm thick. Cross section of the neutron scattering on a gas filling
the inner cavity of the reactor is calculated according to the number of recorded neutrons at the
known energy-release of the reactor. Coincidence of the cross section measured in this way with a
known tabulated cross section is the criterion of correctness of the system adjustment, correctness
of the calculation of a neutron spectrum and solid angle, in which the neutron recording takes place.
Furthermore, the whole recording channel is tested in this measurement.

Results of the measurements showed as follows:

1. All systems of the facility, except for the recording system, operate normally.

2. The role of y-background has proved to be unexpectedly great — the overwhelming majority
of events recorded by the detector during the pulse have been y-quanta. A large flux of y-quanta
passing through the detector leads to the situation that the detector ceases to record any events (both
neutrons and y-quanta) and regenerates in more than 10 ms when the thermal neutron flow scattered
on atoms of a gas has already bypassed the detector. Therefore, the neutron recording in the pulsed
mode has proved to be impossible. It is necessary to perform an additional simulation to optimize
the detector protection from the point of view of decreasing the y-quanta flux passing through it,



and also a modernization of electronics of the recording system aimed at decreasing the
regeneration time in case of overload.

3. The measurement carried out at constant power of the reactor showed that the channel
adjusted correctly and in the absence of the detector overload the recording system also operates
correctly. The measured cross section of thermal neutrons on “He was 0.87+0.13 b (tabulated value
of this cross section — 0.760 b).

1.1.2 Investigation of the n-e scattering

A new method to obtain experimental value of the neutron scattering length on electron b,
was applied to analyze the data on structural factors S(q) (g — transmitted wave number) describing
neutron diffraction in gases and liquids. The results of diffraction experiments were used obtained
at the reactor in Grenoble by an international group of physicists, who kindly granted their
numerical data for our calculations.

At first, S(q) for gaseous isotope “°Ar were processed, in which, due to an anomalously strong
nuclear scattering, the relative contribution of n,e-scattering to the total scattering is by the order of
1 less than in natural Ar, Kr and Xe. Accordingly, the result proved to be quite modest but it
demonstrated the effectiveness of the proposed method:

b, =-(1,33+£0,28+0,57) 10~ Fm,

where the second error is systematic. The article was submitted to Eur. Phys. J.C. Naturally,
the data processing on the diffraction on liquid Kr gave much better result. Three different variants
of data processing led to very close values of b__, the most accurate of which is

b, =-(1,38+0,04) 107 Fm.
This result is among the best 10-12 concerning the accuracy.

ne’

An experiment has been proposed aimed at the measurement of the n-e scattering length at
the TS3000K facility on liquid metals. The first preliminary experiment is planned to be carried out
on liquid lead, since the melting point of lead is somewhat higher than 300°C. In case of successful
experiment on lead, measurements on other liquid metals with higher melting temperature will also
be carried out.

The TS3000K facility has been realized in the «Horia Hulubei» National Institute of Physics
and Nuclear Engineering, Bucharest — Romania (IFIN-HH), and is intended for investigation of the
structure and dynamics of the solid and liquid state using inelastic neutron scattering under
conditions of super-high temperature and vacuum.

In 2006 theoretical estimations to measure the n-e scattering length on lead using several
phenomenological models of liquid state and liquid lead have been carried out. These estimations
show a possibility to obtain the length at the TS3000K facility on the DIN-2PI channel.

1.2 Neutron optics

1.2.1 Optics of strongly absorbing materials

The work on experimental check of validity of the 1/v law for the ultra-cold neutron capture
cross section in natural gadolinium has been completed. The idea of the work is based on the
circumstance that the interaction of neutron with matter may be described by the model of effective
optical potential only in the case when the total cross section of interaction of neutrons with nuclei
obey the 1/v law. At the same time, in general, the optical potential V is complex.

V=U+iW. (1)
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Fig. 4. Diagram of the experiment to check the 1/V law for the UCN capture cross section in
natural gadolinium.

In case of natural gadolinium, which has a record value of the capture cross section owing to the
presence of resonances in the thermal region of energies, in general, the model of potential is not
valid. However, for cold and very cold neutrons it must hold true with a high accuracy. Values of
the real and imaginary parts of the potential of natural gadolinium for the case of UCN have been
determined in our previous papers [1.1, 1.2]: V =45 neV, W = 82 neV.

The peculiarity of the model of potential is that, that in case of its validity both the reflection
coefficient and the matter transparency depend only on the neutron velocity component, which is
normal towards the surface of matter. It is this peculiarity that has been accepted as a basis for our
experiment.

Ultracold neutrons passed through the peripheral part of a sample, which was a gadolinium film,
25 nm thick, applied on a silicon disk. Rotating the disk, one could change the relative velocity of
neutrons and that of the sample retaining unchanged the normal velocity component (see Fig.4).
Transmission does not vary with the speed of rotation and this testifies to the validity of the model
of effective potential and, consequently, to the observance of the 1/v law. As a result, it has been
determined that the 1/v law for the UCN capture cross section in natural gadolinium is valid with
the accuracy on the order of 0.1% in the interval of change of the UCN velocities from 4 to 35 m/s.

1.2.2 Interaction of the neutron with accelerating matter

The experiment to observe a change of energy of the neutron at passing through the accelerating
matter has been carried out. Existence of the effect follows both from the validity of the equivalence
principle and from the detailed neutron-optical calculations [2.2]. For a flat sample moving with
acceleration the value of effect is determined by the expression

1-n
AE = wd —, (2),
n
where d — the sample thickness, n — the refraction index and w — acceleration of the sample. The
aim of the work has been to measure such change of energy.



A silicon wafer, 0.6 mm thick, which could be set in harmonic motion, was used as a sample.
Simultaneously, the neutron energy was to change according to the harmonic law in compliance
with

AE(t) = l_TnAdQZSin(Qt) | 3),

where A and Q=2nf — the amplitude and oscillation frequency of the sample, respectively. The
maximal value of acceleration W, = AQ® was a magnitude on the order of 7.5 g, which

corresponded to the energy transfer AE = 2x107" ev.

The experiment was conducted using the UCN gravitational spectrometer with interference
filters. Here, a sample was placed between the filter-monochromator (and near it) and the filter-
analyzer. Harmonic motion of a sample led to a periodic modulation of the count rate with the same
frequency. This modulation was induced by two effects: a change of energy proportional to the
sample acceleration, which was the subject of the search, and a change of the sample transparency
caused by alternation of the relative velocity of the sample and that of the neutron. At various
relations between these two effects, the desired one and the systematic one, oscillation phase of the
neutron count rate was also different. It was this circumstance that was accepted as a basis for the
experiment. In the experiment oscillation phase of the count rate was measured depending on the
distance between the two filters.

20,6 o Maximum of the scanning curve

Phase of the count rate oscillation (radians)

T T T T
14 16 18 20 22 24 26

Distance between the filters (cm)

Fig. 5. Oscillation phase of the count rate depending on the position between the filters.

The obtained results are shown in Fig. 5. Blue closed points — the result of measurement of
oscillation phase of the count rate depending on the distance between the filters. Solid blue curve —
the theoretical calculation. Red inclined line — the calculation made on the assumption that a change
of the oscillation phase is caused only by a periodic modulation of the sample transparency and the
desired effect of energy change is absent. Horizontal solid and dotted lines — oscillation phase of
the count rate (and a corridor of errors) when the filter-analyzer is absent. At correct measurements
and calculations these lines must cross at one point.

The experiment undoubtedly testifies to the existence of the effect of neutron energy change
observed for the first time at passing through an accelerating sample. Its value corresponds to the
theoretical predictions with an accuracy on the order of 15%. Further experiments will show if this
discrepancy relates to physical reasons or it is of purely methodological character. It is also should
be mentioned, that although the effect of accelerated matter has been observed so far only in the
neutron-optical experiment, it is of quite universal nature and should also exist for particles of
different nature.



1.2.3 Verification of the weak equivalence principle and measurement of the neutron
gravitational acceleration

At the UCN source in ILL (Grenoble) an experiment to measure the neutron gravitational
acceleration has been carried out. The experiment has been carried out using the gravitational UCN
spectrometer with the Fabry-Perot interferometer (FPI), and its idea earlier published in the paper is
given in Fig. 6. After passing through the FPI-monochromator, the neutrons with a narrow interval
of vertical velocities pass through a rotating phase diffraction grating. The neutrons corresponding
to the 1-st order of diffraction decrease their energy by the value AE =#Q , where the frequency

modulation Q is proportional to the frequency of the grating rotation f and is equal to Q = 21‘[% ,

where ¢ - angular period of the grating. On the way to the FPI-analyzer neutrons accelerate in the

gravitational field increasing their energy by the value MQH | where H — the distance between

FPI. The energy measurement is performed by way of scanning throughout the height by analyzing
FPI. Simultaneously, maxima of the corresponding scanning curves are determined at various
values of the grating rotation frequency and the modulation frequency proportional to it. Here, value
of the gravitational acceleration is determined from the relation

g= L2 (4)
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Results of one of the experimental series is shown in Fig. 7.

At present, the experimental data processing continues. A preliminary result is that within the
accuracy on the order of 0.2% the gravitational acceleration of the neutron is the same as that of the
macroscopic body.

1.2.4 Designing of the neutron microscope

In 2006 the work on design of the neutron microscope oriented toward the advanced
European UCN sources has started. The software to calculate mirror optical systems for UCN in the



presence of gravitation has been created. With the help of this program, calculations of the
horizontal neutron microscope with compensation of the gravitational aberrations by refracting
elements are conducted. The encouraging results have been obtained.

1.3 Investigation of the properties of ultracold neutrons
1.3.1 Works in the framework of investigation of the UCN interaction with the surface

In 2006 investigations of the surfaces of a number of materials have been carried out by the
atomic-force microscope (AFM). The investigations have been aimed at testing of the hypothesis on
surface nanoparticles as the reason for the so-called «low heating» of UCN at the interaction with
surface. The surfaces of copper, iron, various grades of stainless steel and sapphire, and also the
dependence of surface texture on the temperature of preliminary degassing, have been investigated.
Typical data from the sample surfaces obtained on AFM are presented in Fig. 8.

Stainless steel A304

Sapphire

1600°

Fig. 8. Data from the sample surfaces.

The main conclusion drawn from the conducted measurements: nanoparticles of various size
are present on all the studied surfaces (except for the polished monocrystalline sapphire). The sizes
of nanoparticles increase with the growth of temperature of the preliminary warming-up of samples,
the number of nanoparticles depends on this temperature and on the vacuum depth during the
warming-up. Nanoparticles are formed on the monocrystalline sapphire at its warming-up up to the
temperature ~1600°C, at the same time, after its warming-up to 800°C no nanoparticle formation is
observed on its surface. Surface of the monocrystalline sapphire after its warming-up to 1600°C is a
stepped structure with steps equaling to one atomic plane.

The observation of particles on the surface points to a possibility of inelastic neutron
scattering with a low energy transfer on such particles if they prove to be free enough.



1.3.2 Investigation of the quasi-elastic UCN scattering

In ILL the work of the last year was continued by new measurements of the probability and
spectra of the quasi-elastic UCN scattering on a series of samples: copper, diamond-like carbon,
teflon, etc. In the previous experiments a considerable heating of neutrons was detected for the first
time in the velocity region of 8-12 m/s.

The method has been to measure the neutron flux (after scattering on a sample) through
calibrated samples with known neutron absorption cross section. In this case silicon single crystal
wafers and rhodium foils have been used as absorbers. Absorption curves for neutrons of the total
scattering spectrum: from ultracold ones to thermal ones, have been measured in this way.
Absorption curves have been measured and spectra of scattered neutrons have been restored from
them. Final processing of the results will be carried out at the beginning of 2007.

As before, the measurements have been carried out only at room temperature and on the
samples, which have not been treated thermally in vacuum. The experiments are planned, in which
the sample surface may be thermally degassed in vacuum, and the measurements may be carried out
at low temperatures.

1.3.3 Works to create a UCN source at the TRIGA pulsed reactor

New detailed calculations have been performed and the generation of ultracold neutrons at the
TRIGA-Mainz pulsed reactor (in common with the groups from Munich and Mainz) have been
measured for the first time. This is the realization of the long-standing proposal by Yu. N.
Pokotilovski ,,Production and storage of ultracold neutrons at pulsed neutron sources with low
repetition rates”, Phys. Lett., A356 (1995) 412.

Results on the UCN generation and nonstationary transport on the mirror neutron guide are in
good line with the calculations.

Neutrons were generated in the solid deuterium target at the temperature of 6-10 K and were
transported along the mirror neutron guide 6 m of length. In a part of experiments the mesithylene
moderator was used at the temperature of 20 K.

At the neutron recording three different neutron detectors were used in turn: the silicon
detector with the enriched boron fluoride radiator, the proportional gas one with He-3, and, finally,
due to the high count rate at the pulsed generation (up to 10° neutrons per second), the GEM-
detector with the boron radiator. At the reactor pulse 10 MJ the number of recorded neutrons with
the energy lower than 200 neV exceeded 10°.

1.4 Spatial and time parity violation in the interaction of neutrons with nuclei
1.4.1 Measurement of P-odd asymmetry of the triton emission in the reaction °Li(n,a)*H

At the PF1B beam of cold polarized neutrons of the ILL reactor (Grenoble) a “zero”
experiment to determine background asymmetry for a series of experiments to measure P-odd
asymmetry of the triton emission in the reaction °Li(n,a)*H has been carried out. The value o =
(0.0 + 0.5) 10°® has been obtained. Thus, one of two most important experiments conducted in the
course of several last years to search for neutral currents in nucleon-nucleon interactions is
successfully completed. Comparison of this result with the result of the main experiment: a; = -(8.6
+ 2.0)-10® shows that the observed effect is caused by P-odd asymmetry of tritons from the
reaction °Li(n,a)*H. The aim of investigations is to determine weak m-meson constant of coupling f;
corresponding to the interaction of neutral currents in nucleon-nucleon processes. The restrictions:
f. = (0.4 + 0.4) 107 follow from the obtained asymmetry on the assumption that other constants are
equal to the Desplanques «best values», etc., and — 1.2 107 < f; < 1.6 107 taking into account
theoretical and experimental uncertainties of other constants. This confirms the results of the
experiment on '®F and the conclusion that f; is significantly smaller than the Desplanques «best



value, etc., (4.6 107). The works are carried out in common with PNPI (Gatchina), ILL (Grenoble,
France), TU of Munich (Germany).

1.4.2 Control of neutron polarization by means of the Ramsey rotation

In 2006 an experiment aimed at verification of the effectiveness of control of the
polarization of thermal and epithermal neutrons using the radio-frequency field has been carried
out. The experiment has been conducted on beam H8 of the KENS pulsed neutron source (KEK,
Japan). Layout of the facility is given in Fig.9.
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Fig. 9. Diagram of the experiment.

The polarization of neutrons and analysis of their polarization was carried out by devices on
the basis of polarized ®He with optical pumping created by the KEK-FLNP JINR collaboration in
2003-2005. In solenoid 2.80 cm of length and 12 in diameter, two rectangular radio-frequency coils
RF1 and RF2 20 cm of length each were placed one after another. Each coil generated an oscillating

field 2chos(wt) directed along the y axis. The measurement was conducted in the time-of-flight
mode. The field was switched on at the moment when neutrons with E, =80 meV arrived at the
input of the first coil and was switched off at the moment of arrival of neutrons with E, =23.6

meV. Simultaneously, the field amplitude H, was modulated in such a way so as to provide the
turn of neutron polarization for the given angle ¢ round the y axis for all the neutrons in the
interval E, < E <E, . To do this, execution of the condition yH,t =¢ was necessary, where y — the

gyromagnetic ratio for the neutron, and t — the time of flight of a neutron of the given energy along
the coil. In our experiment ¢ =1/2 was chosen. The second coil worked coherently with the first

one and, thus, the total turn of neutron polarization at the analyzer input was T, i.e. the polarization
reversal took place. A corresponding change of transmission of the neutron beam passed through
the analyzer was recorded by the scintillation detector on the flight path 12.05 m long.

If one switches on the additional field between the first coil and the second one then due to
the additional rotation of neutron polarization in this area, the character of neutron transmission
changes.

In the experiment we measured neutron transmissions with the coils switched off T and

with the coils switched on T,,. Then we constructed the relation:
To g 1% a(E)PP,

R=_—o —
Tor 1+ PP,

where P, and P, - neutron polarizations passed individually through the polarizer and analyzer,
respectively. All the information on the fields, to which neutron polarization was subjected between



the polarizer and the analyzer is included in function O((E). Figs. 10, 11 illustrate relations R for the
cases with the small solenoid switched off/on. Red lines — the fitting. Energy dependence of
relations R relates the dependence of values O((E), P, and P, on the neutron energy.
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Fig. 10. Relation R when the small solenoid is switched off.
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Fig. 11. Relation R when the small solenoid is switched on.

For 2007 carrying out of investigations on the technique of manufacturing and selection of
LaAlO, single crystals is planned aimed at the creation of the polarized nuclear target to verify T-

invariance in the interaction of polarized neutrons with polarized nuclei. In addition, the work to
improve the existing cryostat of nuclear target will be carried out.

1.4.3 Search for and investigation of the structure of subthreshold neutron p-resonances in lead
isotopes by the combined correlation gamma spectroscopy method



With the aim of testing the validity of the experimental data obtained previously on the
existence of the negative neutron p-resonance in “°’Pb isotopes instead of ?>*Pb as was expected on
the basis of the work to observe spin rotation of thermal neutrons at the interaction with lead
additional experiments have been carried out on the improved gamma-spectrometer COCOS at
channel Nel of the IBR-2 reactor with the increased effectiveness and operating speed. In order to
study the energy dependence of the radiative neutron capture cross section two samples with
various weight and content of isotopes under investigation: a) 20 g with 90.4% enrichment in °’Pb
isotope and b) 9 g with 51% enrichment in ?**Pb isotope containing 0.94 g of %’Pb isotope were
used as targets.

As a result of conducting several series of measurements, ample experimental data are
accumulated for a possible isotope identification of the sought negative p-resonance and estimation
of its parameters.

1.5 Investigation of the nuclear fission
1.5.1 Search for exotic fission modes at the IBR-2 reactor using the «Mini-Fobos» facility

Events pointing to a possibility of existence of the ternary collinear cluster decay (TCCD)
have been detected for the first time in a series of experiments to study spontaneous fission of °*Cf
nuclei carried out in the Flerov Laboratory of Nuclear Reactions. Experimental manifestations of
such decay channel have been considered in the framework of assumption of the «missing» mass,
i.e. of detection in coincidence of only two heavy collinear fragments having a smaller total mass
than a mass of the initially fissionable nucleus. This «missing» or «lost» mass may correspond to
one or several fragments, which escape at small angles to the fission axis and are not detected. It is
presumed, that shell effects play the key role in such processes. The main results have been
obtained on the FOBOS and Mini-FOBOS facilities. One of the main advantages of detector
modules of the FOBOS spectrometer is a possibility of independent measurement of the velocity
vector, mass and charge of each particle without attracting suppositions on kinematic peculiarities
of the reaction mechanism.

Fig.13. Start avalanche counter with an
internal target.

Fig.12. The Mini-Fobos facility on channel 6b of the
IBR-2 reactor.

The investigations continued in the Frank Laboratory of Neutron Physics in accordance with
decisions of the working conference as of December, 21, 2004. In 2006 the Mini-FOBOS
spectrometer was installed on neutron guide channel 6b of the IBR-2 reactor (see Fig.12), and a



series of measurements was carried out. For the operation under new conditions a support was
manufactured, a start avalanche counter with an internal target was developed (Fig. 13). Stability of
the data collection was provided by conditioning of both experimental canyon 6b and of the room
with electronics. Within the framework of the technique described above the 2°U” decay obtained
in the reaction **U+ ny, was studied. Around 6x10° events was collected in all and the spectrometer
effectiveness was about 1.5%. The preliminary analysis points to the structures similar to those
detected at the investigation of decay of *Cf nuclei.

él.25.2 Measurement of total energy spectra of light charged particles in spontaneous fission of
5
Cf

The experiment to measure total energy spectra of light charged particles in the spontaneous
fission of 2Cf was carried out in the JYFL laboratory (Jyvaskyla, Finland). The experimental
facility is shown in Fig. 14. Spontaneous source of the °°Cf fission manufactured in the Radium
Institute (Saint-Petersburg) had the activity on the order of 500 fission per second. The substrate, on
which a thin layer of californium was applied, was a foil of aluminum oxide (Al,O3) 22.2 + 3.4
ug/cm? of thickness with deposition of ~10 pg/cm? of gold layer. The energy loss of fragments at
the perpendicular passing through the substrate was < 1.5 MeV. Energy losses of the fragments
escaping from the fore-part of the source were no more than 60 keV. The assessed thickness of the
californium layer (Cf,0s) was 3.5 pg/cm?.

Fig. 14. Experimental facility to measure energy spectra of light charged particles.

In the experiment the energy and time of flight of the light charged particle were recorded, at
the same time there were no absorbers on its way to the detector. This allowed one to measure
energy spectra with a high accuracy down to the smallest energies of ~0.5 MeV, which is the lowest
threshold ever reached in the experiments of such kind. Light charged particles were recorded by
mosaics of silicon detectors located at the distance of =20 cm from the source. As a start signal,
fission fragments were used recorded by the fast MCP detector located at right angles to the mosaic
of silicon detectors at the distance of 2.5 mm from the source. In order to discriminate fission
fragments from the 6-MeV alpha particles from the ?*°Cf natural radioactivity, the coincidence
circuit of the start signals with the signals from 10 silicon detectors located from the source side



opposite to MCP was applied. Geometry of the experiment covered the angular range from 70° to
110° of the light particle escape with regard to the fission fragments, i.e. for the most part,
equatorial particles were recorded.
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Fig. 15. Experimental energy spectra for “He (to the left) and ®He (to the right). Contributions from
true a-particles are shown for *“He and those from a-particles formed as a result of the *He decay.

Results of the measurements for a-particles and ®He are presented in Fig. 15. On the left
figure two curves are depicted, which are the result of fitting of the experimental data for energies
higher than 9 MeV with taking into account the 17% contribution from a-particles known from the
previous measurements, which were formed as a result of decay of unstable *He isotopes in the
ternary fission. It is seen that the deflection of shape of the experimental curve from the Gaussian
one can not be explained by this component. Apparently, the presence of this deflection is related to
a complex statistical distribution of initial configurations of the fission system at the moment of
break of the nucleus. Such supposition is qualitatively confirmed by trajectory calculations. It is
also should be pointed out that the measured energy spectrum of a-particles coincides with the data
obtained by Tischenko in 2002, however, it significantly differs from the data obtained by Loveland
in 1974. The total energy spectrum for ®He was measured for the first time in this work.

1.5.3 Preparation of measurements of emission of prompt neutrons in the neutron-induced
fission on the GELINA source (IRMM, Geel, Belgium)

At present, it is relevant to investigate the reaction *°Pu(nres,f) 2*U(Nes,f) aimed at the
measurement of correlations of emission of prompt neutrons with mass distributions of fission
fragments in several strongest resonances. Taking into account the high alpha-radioactivity of
plutonium, the acceptable quality of spectrometry of fission fragments could be reached using the
up-to-date technique of digital signal processing (DSP). To diminish the effect of pulse pile-up due
to the natural radioactivity of targets, it was also important to develop the technique of spectrometry
of fission fragments using current preamplifiers, which allowed one to improve the quality of
spectroscopy of fission fragments in the reaction ***Pu(nyes,f). In order to solve the stated problems,
in collaboration with the IRMM specialists, the unique DSP technique with current preamplifiers
for the spectrometry of fission fragments was developed for the first time. A mathematical
apparatus of digital analysis of pulsed signals of nuclear particle detector was created, also, software
for sampling and data acquisition from ionization chambers and neutron detectors were developed.
The above-mentioned technique and software were approved using *2Cf(sf) with the activity of 30
kilobecquerel. The results were obtained, which are in good line with the literary data.
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Fig. 16. Diagram of the experimental facility.

Also, in collaboration with the IRMM specialists, the technique to measure the fission
neutron multiplicity was developed with the use of neutron detectors based on the liquid scintillator
NE213 granted by the DEMON collaboration. The DSP program library was created implementing
functions of the standard modules of nuclear electronics, such as spectrometric amplifiers,
discriminators with tracking threshold, analog-to-digital and analog-to-time conversion, etc. The
software for digital oscillographs by the Tektronix firm was developed, which allow one to use
them as the equipment to digitalize pulses of the nuclear particle detectors.

The facility was located on the flight path 8 m long of the GELINA pulsed neutron source
(Fig. 16). Altogether 8 neutron detectors (ND) with the capacity of 4 litre each were used. The
distance between the target under investigation and ND was 0.75 m. For calibration measurements
the 2°2Cf(sf) target with the activity of 30 kilobecquerel was used.
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To suppress the background of gamma quanta, the analysis of pulse shape and the
measurement of time of flight of prompt neutrons of fission were used (Fig. 17). Calibration
measurements were conducted with the neutron beam from GELINA both switched on and off.



1.6 Gamma-spectroscopy of neutron-nuclear interactions

Analysis and interpretation of experimental data for level density and radiative strength
functions of dipole gamma transitions in the region of neutron binding energy in nuclei from the
mass range 39<A<201 were continued. Purpose of the analysis: a) estimation of the value and shape
of the energy dependence of correlation functions of Cooper pairs of nucleons in the heated
nucleus; 6) extraction of potentially accessible information on the dynamics of interaction of the
ordinary component and the superfluid one of the nuclear matter at the change of energy of the
nucleus up to neutron resonances.

In particular, the approximation of level densities by partial level densities was carried out
with various number of quasi-particles with the parameters taking into account the shell
inhomogeneity of the single-particle spectrum.

The factors, which should be taken into account at the precision approximation of sums of
radiative strength functions in various nuclei, were estimated.

Comparison of the calculated and experimental total gamma spectra in cobalt and iron-57 was
carried out. It demonstrated that the level density and radiative strength functions determined in
accordance with the technique developed in Dubna provide for the best data reproduction of such
type and also for light nuclei.

Preparation to the experimental measurement of the two-step cascade of the thermal neutron
capture is carried out with Dubna assistance in Hanoi.

1.7 Investigation of (n,p) and (n,a) reactions

At the EG-5 facility in FLNP the experiments to measure angular correlations in the reaction
YN(n,p)*C in the region of neutron energies up to 1 MeV are carried out. The reaction "Li(p,n)'Be
is used as a neutron source. The aim of the studies is to determine partial neutron and proton
resonance widths for spins of the channels j = 1/2 and 3/2 and using these data to estimate the weak
matrix element from the results of polarization experiments obtained earlier. By now, (preliminary)
experimental values of the forward-backward correlation are obtained at E, = 450, 476, 521, 557,
627, 640, 693 keV and are equal to 0.046 + 0.033, -0.029 + 0.027, -0.147 + 0.056, -0.042 + 0.016,
0.454 + 0.072, 0.065 £ 0.028, 0.013 + 0.024, respectively (see Fig. 18). Rather high values of as, at
E, =521 and 627 keV may be caused by instability/drift of the neutron energy in the course of long
exposures at the measurement in the forward-backward direction. Along with these measurements,
works to improve the technique aimed at the refinement of accuracy of the obtained results are
carried out. They involve both equipping of experiment by new detectors and development of the
data processing procedure. Theoretical calculations and computer simulation continue.

Within the framework of the program to study mechanisms of nuclear reactions and to
obtain data for nuclear power engineering on the EG-4.5 accelerator of the Institute of Heavy lon
Physics, Peking University, China, investigations of the reaction ®*Zn(n,a)®*Ni for neutrons with the
energies 2.6 and 4.0 MeV have been carried out. The reactions T(p,n)*He on the solid Ti-T target
and D(d,n)®He on the gas deuterium target were used as a neutron source. Energy spectra and
angular distributions of a-particles have been obtained, the data are being processed. Data
processing of the previous measurements at E, = 5 and 6 MeV has been completed, values of the
total and differential cross section of the reaction ®Zn(n,a)®Ni for these energies have been
obtained.

Data processing to measure cross sections of the reaction °Li(n,a)T at the neutron energy of
1.05, 1.54 and 2.25 MeV has been completed. The works are performed in common with Peking
University (China) and the University of Lodz (Poland).

The equipment has been prepared to carry out experiments using the time-of-flight method
at the pulsed neutron source of the Moscow Meson Factory, INR RAS, Troitsk, and then at IREN in
Dubna.
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Fig. 18. Upper diagram — relative proton escape from the reaction **N(n,p)**C; lower diagram —
preliminary values of the forward-backward correlation.

2. Theoretical investigations

The effect of neutron striction has been detected in neutron stars, and its influence on the
parameters of neutron stars has been calculated. In particular, neutron-nuclear elastic scattering is
characterized by a coherent scattering length, which leads to the optical interaction potential
between the neutron and the medium: the positive length — to the repulsive potential, the negative
length — to the attractive one. Neutron-neutron scattering is also characterized by a coherent
scattering length, and this length is negative. Therefore, the optical potential inside the neutron star
is attractive for each neutron, and it compresses (striction) the star further to the gravitation. This
contraction does not lead to the star collapse because the scattering length decreases with an
increase of the density, however, the calculation shows that the influence of neutron striction on the
star parameters may be more than the relativity. Furthermore, dependence of the scattering length
on the density leads to such phenomena as pulsation and explosions. The latter is possible at the
resonance dependence of the scattering length on the neutron energy. The work opens new
prospects in studying stars and elementary particles.

Complete solution of the task on neutron reflection from the medium with helical
magnetization has been found. It has been shown that the resonance reflection with spin flip takes
place. In Fig. 19 the dependence of the reflection coefficient without spin flip (solid curve) and with
spin flip (broken curve) on the wave vector k is shown at the initial neutron polarization in the
direction opposite to the z axis, which is parallel to the inner normal to the mirror. Simultaneously,
the matter magnetization is supposed to be rotating anticlockwise at moving away from the surface.

Theoretical investigation of the process of nucleon charge exchangen+p - p + n was continued.
In particular, using the interchange operator of spin projections of the neutron and the proton, spin
structure of the interchange amplitude n + p - p + n at zero angle and spin structure of the



«backward» elastic scattering amplitude of the neutron on the proton were considered in detail.
Relations between the corresponding coefficients in these amplitudes were obtained. It was
determined that for the charge exchange processes n + p - p + n at zero angle and for the
«backward» elastic np- scattering the separation of a cross section into the spin-dependent and
independent parts is different in principle. It is in the case of charge exchange at zero angle that the
spin-dependent part of a cross section is proportional to a cross section of the charge-exchange
breakup of deuteronn+d - p + (nn) in the «forward» direction. The spin-dependent part makes
the main contribution to the charge exchange cross section at the neutron kinetic energies of > 200
MeV .

1
as — —
Fig.19. Dependence of the reflection
O coefficient on the wave vector.

Calculation of the spectrum of relative pulses of two finite neutrons at the charge-exchange
breakup of deuteron n + d - p + ( nn ) was performed taking into account the strong nn-
interaction in the finite state using analytical solutions of the Schroedinger equation for the S-wave
function of deuteron and the function of relative motion of two neutrons in the potentials of the
square well type. In particular, it was shown that at small relative pulses the contribution of nn-
interaction in the finite state prevails greatly. With an increase of relative pulses, an abrupt decline
of the distribution function was observed.

In 2006 investigation of the neutron S -decay continued. In order to extract the

characteristics of electroweak interactions from half-lepton decays of hadrons, the accurate
calculation of radiative correction to these processes with the successive taking into account of
strong interactions and hadron structure is necessary. To do this, in 2006 the Ward-Takahashi
identities have been obtained and investigated connecting the top parts of weak hadron decays and
the corresponding properly energy parts and amplitudes of hadron interactions with the electroweak
(calibration) fields. Results of the work allow one to conclude definitely to which extent the
accounting of strong interactions in electroweak processes may be carried out precisely without
referring to approximate evaluations.

3. Applied and methodical research

3.1 Investigation of element composition and structure of near-surface layers of solids at the EG-
5 accelerator

In 2006 in cooperation with the Institute of Physics of the Maria Curie-Sklodovska University
the experiments to investigate the properties of GaAs implanted by In ions with the energy 250 keV
and the dose 3x10™ cm™ were conducted. In order to determine diffusion constants of indium in
gallium arsenide a part of the samples after implantation was subjected to the isobaric annealing in
the argon atmosphere at the temperatures of 600° and 800°C for 0.5 and 2 hours. After that, the
surface of samples was coated by a protective layer of Si3N4. Studies of depth profiles of elements
were carried out at the EG-5 accelerator using the method RBS. As a result, earlier unknown
diffusion constants of In in GaAs were determined in the temperature region 600-800°C. Also,



optical parameters (n, k) of the GaAs implanted surfaces were investigated using the ellipsometric
technique.

Depth profiles of hydrogen implanted in silicon at the energy of 12 keV were investigated
using the ERD technique on the basis of the electrostatic generator EG-5. At the implantation dose
of hydrogen 2x10™ cm™ it proved to be possible to determine the limiting atomic concentration,
which can be measured using the ERD technique at the helium ion energy of 2.332 MeV. It was 0.5
at.%. At the implantation dose of hydrogen 10" cm™ the atomic concentration of hydrogen in
silicon was 3% and was determined rather accurately. At the processing of the corresponding
spectrum of proton recoil, the evaluation of limiting depth was carried out, which was obtained
using the ERD technique. At the helium ion energy of 2.332 MeV it was 2 ym.

In 2006 instrument developments also continued. With the purpose of developing the
implantation technology, the mechanism of generation of ions in plasma sources, their extraction
and ion beam shaping was investigated. In particular, for the plasma ion source the simplified
analysis of processes occurring in plasma was performed, on the basis of which analytic formulae
were obtained for ion current and effectiveness of the ion source, and also the factors determining
the two parameters were indicated.

In cooperation with the Electrotechnical Institute SAS (Slovak Republic) the experiments to
investigate temperature stability of lamellar structures of the Ru/HfO,/Si, Ru/HfSiO./Si n
Ru/HfSION/Si types manufactured using the CMOS (complementary metal-oxide-semiconductor)
technology continued. The RBS technique on the basis of the electrostatic generator EG-5 made it
possible to detect a significant difference between these structures. Whereas insulating layers of the

HfO, composition showed weak diffusion on both boundaries already after the annealing at 800°,

the structures with HfSiOy layers demonstrated complete stability at the this temperature. And the
initial diffusion of these layers was observed at the annealing temperature of 900°C. However, at
the annealing up to 1000°C significant diffusion both towards the substrate and towards the external
layer occurred in the layers of both types. This investigation showed that the presence of Si atoms in
dielectric layers on the basis of Hf increased thermal stability of these layers, which was significant
for the CMOS technology.

Development of the technique of “labeled” neutrons on the second channel of EG-5 and the
first results of its use to detect hidden substances were presented in the report at the XVI
International conference on electrostatic accelerators and beam technologies in Obninsk.

Investigation of the content of heavy elements in teeth of people of various age and
professions living in different conditions was conducted. Element analysis was carried out using the
nuclear physical analytic methods PIXE and RBS.

3.2 Analytical studies using the neutron activation analysis (NAA) at the IBR-2 reactor

Biomonitoring

Within the framework of international program «Atmospheric depositions of heavy metals
(HM) in Europe — assessments based on the analysis of moss-biomonitors» a large series of studies
has completed, which is related to the simultaneous collection of samples in 2005-2006 in a number
of regions in Central Russia, Southern Urals, Belarus, Bulgaria, Slovakia, Poland, Romania, Serbia,
Macedonia, Croatia and Greece to perform multielement activation analysis at the IBR-2 reactor.
Results of the analysis on 13 elements: Al, As, Cd, Cr, Cu, Fe, Hg, Ni, Pb, Sb, Ti, V and Zn will be
submitted to the European Atlas of atmospheric depositions of HM. Similar studies have been
carried out in Mongolia and Vietnam. The results of the analysis of moss-biomonitors from
biosphere reserves (Prioksko-Terrasny and VVoronezh biosphere reserves) obtained in collaboration
with the Institute of Global Climate and Ecology (Moscow) are of particular interest. Along with
the moss samples from the biosphere reserves, aerosol filters were analyzed, which will allow one
to determine correlation between the elemental content in the air and atmospheric depositions in
moss-biomonitors.



Air pollution studies were carried out using the active biomonitoring — exposure of moss-bags
— under the conditions of urban environment in Poznan (Poland); Baia Mare (Romania), Sofia
(Bulgaria), Athens (Greece) and in Dubna, in the area of domestic waste disposal site.

Ecological assessment

The NAA of bottom sediment columns collected at the Black Sea shelf of the Romanian coast
was completed. In common with IFIN (Bucharest) and the University of Bucharest the assessment
of retrospective pollution of this region will be made.

The multielement NAA of aerosol filter collection of different years obtained from Bratislava
will allow one to characterize the dynamics of atmospheric pollution of the Slovak capital by heavy
metals for the last 15 years.

The work to study weekly cycles of the atmospheric condition (elemental content of aerosol
filters) of the Great Cairo valley (Egypt) continued. New results confirmed the data obtained earlier
on the existence of the so-called “effect of days off”, which in Arabian countries fall at Thursday-
Friday.

In common with the University in Opole (Poland) the complex investigation to assess the
environmental condition at the “anomalous territory” in the west of Poland characterized by an
increased radioactive background owing to the Chernobyl accident and man-caused influence of
industry was carried out. The natural migration of a series of elements in soil profiles was traced,
and also NAA of plants-biomonitors and mushrooms as accumulators of toxic elements was
performed.

In collaboration with the «Dubna» University the distribution of a series of heavy metals near
road interchanges in Dubna and Moscow (Schiolkovskoe and Minskoe highways) was studied.

The work to analyze 200 soil samples from the region of lead-zinc industrial complex in
Macedonia was completed and maps of distribution of the main elements-toxicants were plotted.

Foodstuffs and human health

In 2006 a large cycle of works to analyze foodstuffs with the purpose of assessing the intake
of microelements by a human organism with foodstuffs (Central Russia) and the influence of
detrimental industries on the quality of foodstuffs (Romania) was completed.

Within the framework of the IAEA Coordination Program «Exposure to toxic and
potentially toxic elements in women of childbearing age in developing countries» in collaboration
with the Russian State Medical University (Moscow) and the Analytical Centre of the Geological
Institute of RAS the multielement analysis of blood samples of 60 specially selected patients was
conducted. The analysis was carried out using NAA on the IBR-2 reactor in Dubna and MEPhI;
lead, cadmium and mercury were determined by the atomic adsorption spectrometry in GIN RAS.

Biotechnologies

In collaboration with the Institute of Physics of Georgian AS new results in determining
chromium in bacterial samples of Arthrobacter oxidans were obtained. These bacteria extracted
from natural basalts may be used to change the chromium valency (conversion of the toxic Cr-VI
into the nontoxic form Cr-111), which is of great scientific and practical interest. These results
published in the prestigious journal Analytical Chemistry (USA) were highly evaluated by the
IAEA specialists.

Archeology

Within the framework of cooperation with the University in Skopje and the Museum of
History and Archeology of Macedonia the analysis of ceramics of ritual vessels (amphorae) and
scrapes from their inner surfaces was carried out. Results of the analysis will make it possible to
accept or reject the hypothesis on the contents of these amphorae.



New materials
NAA of rubidium-containing compounds used in experiments of the Condensed Matter

Department on the X-ray and neutron diffraction was carried out.

Educational process

In 2006 on the basis of the REGATA facility in the radioanalytical laboratory at IBR-2
Practical training for students of senior courses of the «Dubna» University and International
Schools organized by the JINR University Centre was held. For the reporting period on the basis of
the NAA sector 2 Bachelor’s theses and 5 Master’s theses were written. In 2006 2 Ph.D. theses
based on the materials obtained in the NAA sector were defended.

Organization of meetings
In 2006 preparation to the International meeting of the Commission of the United Nations
Organization “The 20" Task Force Meeting of the UNECE ICP Vegetation and Long-Range
Atmospheric Transport of Pollutants” was underway, which will take place in Dubna in March,
2007.



1. HAYUHbIE NCCJIEAOBAHNA
1.1. PN3INKA KOHOEHCPOBAHHbBLIX CPE/L

Bcneg 3a CnoXHbIMM oKcupamy mapraHua (MaHraHutamu), OCHOBHOW OCOGEHHOCTbIO
KOTOpbIX ABNAETCA 3PMEKT KOMOCCAIbHOTO MarHWTHOrO COMPOTUBNEHWUS, PacTyLUMin UHTepec
NPOSABNSETCA K CNOXHbIM OKcuaaMm Kobanbta (KobanbTutam) Tmna Lni;xMyxCoOs, rge Ln —
NaHTaHug, M — WenoyHosemeslbHbIA 3n1eMeHT. C Hay4HOW TOYKW 3peHUs KOBGaNbTUTI
WNHTEPECHbI CWU/bHBIMU KOPPEeNAuUMaMN MeXAy pPeLueToYHbIMK, 3apsafoBbiMU, CMUHOBLIMUA U
opoUTa/IbHbIMK CTeneHAMU cBO6OAbI. OKcuAabl KobasbTa BaXKHbI A1 MPAKTUKN B CBA3N C UX
MCNOMb30BaHNEM B KauyeCTBe 3/1EKTPOAOB B MCTOYHMKAX TokKa. OC0BeHHOCTM (ha3oBbIX
MepexofoB B KobGasbTUTax CBA3aHbl C HapyLUeHeM GanaHca MeXay BHYTPUAaTOMHOW 3Hepruei
XyH[a ¥ 3Hepruiein KpUcTaainyeckoro noss, CBA3aHHON ¢ KoOH(urypaumeit oktasgpos CoOg. B
pesynbTate, MOH CO®* MOXeT HaxOAWTbcsi B TPEX PasHbIX CMMHOBbIX COCTOSIHUAX:
HM3KOCMUHOBOM (LS, tggsego), NpoMeXxyTouHoMm (IS, t295eg1) BbICOKOCNNHOBOM (HS, tgg4e92).

Ha peaktope WIBP-2 BefyTcs uUCCNefoBaHUA aTOMHOM W MarHWTHOW CTPYKTYpbl
K06a/sIbTUTOB, B TOM YMC/IE MPU BbICOKMX BHELIHUX [aBneHusix. Ha gudpaktometpe ®LABP
nsyyancs cocrtaB PrpsSrpsCo0Os3, B KOTOPOM paHee HabNIOAIMCb HECKONIbKO MarHuTo-
CTPYKTYPHbIX (ha30BbIX NepexofoB. AnpakUMOHHbIE CMEKTPbl OblN N3MEPeHbl B LUMPOKOM
AmanasoHe Temnepatyp (10 — 780 K), B OCHOBHOM B peXxume Harpesa obpasua. B atom
AnanasoHe o6Hapy»eHbl ABa (ha3oBbix nepexoga (T; = 120 K u T, = 300 K), B xo4e KOTOPbIX
N3MEHAKOTCA MarHUTHasA U KpUCTa//inyeckas CTPYKTypbl 06pasua. Mpu HarpeBaHun CUMMETPUSA
nocnefoBaTe/lbHO MOBbLILLAETCA OT TPUKINHHOW [0 POMOMYECKOW 1 3aTeEM L0 POMOO3LPUYECKOIA.
[Mepexofpl CUNbHO pasmbiTbl MO TemnepaType a mexay 120 K n 300 K asbl cocyLlecTByOT
(Puc. 1). MarHuTHble M3MepeHNUs NOATBEPXAAOT, UYTO CTPYKTYpHbIA nepexof npu 300 K
coBnagaet ¢ peppomMarHuTHoi Toukor Kropu. Mprpoga MarHuTHoro nepexoda npu 120 K noka
OCTaeTCA HEN3BECTHOM.
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Puc. 1. Cogep>KaHuie CTPYKTYPHbIX ha3 B 06pasLie B 3aBUCMMOCTM OT TemnepaTypbl.

Ha gudgpaktometpe AH-12 npoBeaeHO uccnefoBaHUe KPUCTaIMYECKOW WU MarHUTHOM
CTPYKTYPbI rekcaroHasibHbIX (PPYCTPUPOBaHHbIX MaHraHnToB RMnO3 (R=Y, Lu) npu BbICOKUX
faBneHnax ao 6 [ITla. MonyyeHHble 3KCNepUMeHTaslbHble [aHHble, BMECTe C pe3y/nbTaTamu



npeablaywmx MccnefoBaHNn ApPYruX rekcaroHaslbHbIX MaHraHWTOB, MO3BOMWAM YCTAHOBUTb
B3aVMMOCBS3b MEXJy CUMMETpuein TpeyronbHoro A®M coCTOSAHUA C NapaMeTpoOM UCKaKEHUS
TPEyrosibHOW peweTkn S, obpasoBaHHON atomMamu Mn u O. [lonyyeHHas 0606LLeHHAS
MarHuTHasa (pasoBast gmarpaMma Mo3BONSET 06BACHUTL HabMOAaEMblE U3MEHEHWNS CUMMETPUN
MarHUTHOrO COCTOSHUA NPWU XUMWUYECKOM 3aMelleHMn (M3MEHEHUW WOHHOro paguyca R
3N1EMEHTA) U MPWUIOXKEHWUIN BbICOKOTO aBfieHns 3a cyeT Bapuaumm s (Puc. 2).
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Puc. 2. ®asoBada pfuarpamma rekcaroHaslbHbix MaHraHnTos RMnOs KM cxemaTuyeckoe
n3obpa>keHve AOM CTpyKTYyp cummeTpum My u M+

B pamKkax CTPYKTYpPHbIX WCCNefoBaHUA (HaKTOPOB, BAUSAIOLMX Ha CTabunmnsayuio
MarHWTHbIX >XWAKOCTEM, HayaTo nnaHOMepHOoe W3yyeHue 3ddekTa M30bITKa MOBEPXHOCTHO-
akTuBHOro Bewectsa (MAB) B MarHMTHbIX XXWMAKOCTAX Ha MX CTabuIbHOCTL. B KauecTBe nepsoii
CUCTEMbl  BblbpaHa  KnaccMyeckas MarHMTHas D>KMAKOCTb HAa  OCHOBE  MarHeTuTa,
AMCNEePrupoBHHOIO B 6€H30/1 M MOKPLITOro O4MHaPHBLIM C/TOEM O/IEMHOBOW KMCNOTbI. 13BECTHO,
4yTo 3Ta CuUCTema Hambonee crtabusbHa, korga Becb NAB agcopbumpoBaH Ha MOBEPXHOCTM
MarHeTuUTa, T.e. B OTCYTCTBMe cBo6oaHOro MAB B pacTBope. B 3TON CBSI3M C MOMOLLGHO
Masloyr/ioBOr0 PacCesiHa HENTPOHOB OblIM MCCNeAoBaHbl PacTBOPbl ONEMHOBONM KWCMOTbI
(C17H33COOH) B pevitepupoBaHHOM 6eH30ne (CgDg). Llenbto paboTbl 6bINO onpeaeneHve
XapakTepa B3avMOEeNCTBUA MeXAY MOMIEKYN1aMn KNCNOTbI, a TakKe NPOSCHEHME BO3MOXHOCTU
nx Knactepusaunn. Kpuble paccesaHusi (Puc. 3) B npubamkeHnn MiHbe YKasbiBakoT B LIE/IOM Ha
oTTa/IKuBaHue Mexay Monekynamu MNMAB. OgHako, onpegeneHHoe 13 3TUX [aHHbIX 3HavyeHue
BTOPOro BUpManbHOro KoadgpuumeHta B = -0.02 3HauMTenbHO 60/bLUE, Yem [A1s CUCTEMbI
TBEpAbIX Wwapos (B = -8). 310 roBopUT 0 TOM, YTO KOMMOHEHTa MPUTSXKEHWNSA CYLLLECTBEHHA B
NnapHOM MOTeHLMae B3aUMOLENCTBUA MeXAY Monekynamu. OnpegeneHHbId U3 gaHHbIX MYPH
06beM MONEKY bl ONENHOBOW KWCMOTbI, 657 A3, 3HauMTenbHO OTNMuaeTcs OT ee BaH-gep-
BaanbcoBckoro o6bema, 523 A3 1, B TO >Ke Bpems, NpaKTW4YecKM COBMaAaeT C yaenbHbIM
06bEMOM UMCTON ONEMHOBOW KUCNOTblI B €€ XXWAKOM COCTOSIHUW. [Ns MPOSICHEHUS [AAaHHOro



HabMOAeHNs HayaTbl PaboTbl MO  MOAE/MPOBAHWMIO  M3YYaeMO  CUCTEMbI  MeTOAaMK
MOJIEKYIIPHON AUHAMUKN.
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Puc. 3. KpuBble paccesHuss Ha pacTBope onenHoBoW kucnoThl (OA) B AeTepupoBaHHOM
GeH30Me C pasNNYHOM KOHUEHTpauueid 1 3aBUCMOCTb MHTEHCMBHOCTW paccesiHUs B HyNeBOM
yron u3 npuonm>keHus MMHbe B 3aBMCMMOCTMW OT KOHUeHTpauuu. [ns nocnefHero rpadguka
HabMAaeTCS OTPULATENbHBIA HAKNOH, YTO CBUAETENLCTBYET 00 OTTalKMBAHUM MOEKYN
O/IENHOBOW KUCNOTbI B pacTBOpe.

Ha cnektpometpe PEMYP npoBefeHO wuccnefoBaHWe MarHUTHOIO YMoOpAZo0YeHUs ©
[JOMEHHOM CTPYKTypbl B cnosx 20x[Fe(1.993nm)/Cr(1.2nm]/MgO. B 310l CTpyKTYype
HamarHM4YeHHOCTM COCEAHUX C/OEB XKenesa Harnpas/ieHbl aHTUNapannesibHo. B NI10CKOCTN CNoéEB
CYLLECTBYHOT [LOMEHbI, KOTOpble TaKkXKe YMnopsaodeHbl aHTU(eppOMarHMTHO. T MarHUTHOro
ME>C/I0eBOr0 YNopsiA0yYeHNa 3aBUCUT OT TOJILLMHbLI CNOA XPOMa. Bbifno NpefnoXeHo U3MEHATH
TONWMHY C/IOS XpOMa €ro CXaTMem W pPacTSHKEHUMEM C  MOMOLLbH0 3BYKOBOW  BOJSIHbI
MerarepLoBoro fuanasoHa. B peneKToMeTpuyeckmnx 3KCNepumeHTax C MONASPU30BaHHbIMN
HEWTPOHaMM HabnoaeHbl 3PQEKTbl M3MEHEHUS  AMGGY3HOro paccesiHUs HEWTPOHOB OT
JOMEHHOM  CTPYKTYpbl W MOSIBEHWS  HEYNpPYroro paccesHWs HeWTPOHOB 6Gnarogaps
BO3HUKHOBEHWIO KONe6aHWini MarHUTHbIX MOMEHTOB C/1I06B. Ha puc. 4 nokasaHa 3aBYCMMOCTb
NONSPU3aLMOHHOA CNOCOOGHOCTI OT MepeAaHHON KOMMOHEHTbI BOMHOBOI0 BekTopa Qx ( BAO/b
MyyKa HEMTPOHOB) MPU Pa3/IMYHBLIX 3HaYeHUAX YacToTbl 3ByKa fp= 50 My n 3f;= 150 MIu.



BugHo, 4to C YyBenuueHvem 4actoTbl Qx pacnpefesnieHne yLIMPAeTCs, 4TO roBopuT 006
YMeHbLUeHWM pasMepa JOMeHa. TakuMm 006pa3om, MOKa3aHoO, 4YTO MOXHO YNpaBnsATh
MarHUTHON CTPYKTYPOIN aHTU(heppoMarHUTHO-YNopAaLOYeHHOW CTPYKTypbl 20x[Fe(1.993nm)/
Cr(1.2nm]/MgO 13MeHSs ypOBEHb WM YacTOTYy 3BYKOBO BO/HbI. 3TO OTKPbIBAET HOBYHO
BO3MOXHOCTb  YNpaB/ieHNs MarHUTHOW CTPYKTYPOW, KOTopas XapakTepusyetcsi GONbLUMM
ObICTPOAENCTBMEM.
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Puc. 4. 3aBMCMMOCTb MONAPU3ALMOHHON CMOCOBHOCTM OT MepefaHHON  KOMMOHEHT bl
BO/IHOBOTO BeKTOpa Qx ( B4ONMb MyyKa HETPOHOB) MPY Pa3NNyHbIX 3HAYEHUAX YACTOThI 3BYKa
NPU 0T Pa>KeHUN HeMTPOHOB OT nneHok 20 x[Fe(1.993nm)/Cr(1.2nm]/MgO.

Ha gndpaktometpe OH-2 mn3ydancsa pacnaf rmapatHoro knarpara c genTepremM cocTasa
32D,:136D,0 npu Harpese Ao 250 K ¢ (prKcMpoBaHUEM OTAe/bHbIX 3TaroB ero Pas/iokeHus.
KpaTkoBpemeHHbIi (15 MMH.) HarpeB o6pasua C NoCnefytolein 3akaskoin o TemnepaTypbl
Xungkoro asota (95 K) no3sosvn OCyLeCTBUTL CTyMeH4yaToe yAasleHue BOAOpoZa M3 mop
Knatpata npu OAMHAKOBbLIX YCNOBUAX A/IMTENIbHOW CbEMKW ANS U3YYeHUs B3avMOLenCcTBUA
MaTpuLbl C MONEKYNIaMU BHeLpPEeHHOro AeiTepus. OKas3anochb, YTO napameTp PeLUeTKU B 3TUX
YCNOBMAX He 3aBUCUT OT KOHLEHTpauuu [entepus, T.e. HUKaKMUX MPU3HAKOB YCWIEHUS ero
B3aVMMOLENCTBUSA C PELLETKON He 06Hapy>keHO. [1na pelleHns BONpoca O XapakTepe aKCTpaKLumm
[eriTepus aHa/IM3MpPOBa/IMCb MHTEHCUBHOCTU OTAE/bHbIX pedriekcoB. Tak, rpaduyeckmn (Puc. 5),
HanoXeHneM Ha pacyeTHblin pacTp (hkl) cTon6ua skcnepMMeHTaslbHbIX MHTEHCUBHOCTEN Oblnw
YCTaHOB/IEHbI COCTaBbl MMAPUAOB NPU OTXMre. PacyeT UCXOAHON KapTUHBI MeTOLOM PuTBenbaa
[an Haunydllee corfacve npu KOoHUeHTpauumn 32 monekynbl D, Ha sueiiky, rae 16 monekyn
HaxoaaTca B 6onbwoit nope (8b, no 2 mon.) n 16 monekyn — B manou nope(16¢c, no 1 mon.).
Mocne kpaTkoBpemeHHOro (15 mMuH.) Harpesa Lo TemnepaTypbl 145 K n3MeHeHWs B CTPYKType
KnaTparta MUHUMa/bHbI. [locTeneHHOe yaaneHe BOAOPOAA BO3MOXHO 40 Temnepatypbl 195 K,
KOrja HauMHaeTcs pocT MPUMECHON (asbl /ibAa, a CocTaB LOCTUraeT MUHUMAILHOIO 3HaYeHUS
X=16g,+16*0.716,=27.2 £ 0.5D,. IMocne otorpesa go 220 K HabnogaeTcs pasoXKeHne KnaTparta
W NOSIB/IEHNE MHTEHCUBHbIX IMHUIA KpucTannmueckux as nbga (lh, Ic) ¢ 3ameTHOW fonel hasbl
amopHOro fibia HA3KOM MI0THOCTH.

MpoBeAeHbl  KOMMIEKCHbIE  UCCMeA0BaHUA  (PU3NYECKMX CBOWCTB  CUHTETUYECKOrO
MOHOKPUCTa/I/IMYECKOrO KBapua M KBapLEeBOro rnopollka B TemnepatypHoil obnactn o-3
nepexofa MeToAaMu HEMTPOHHON AMMDPaKUMM M MeXaHUYecKomn cnekTpockonuun. OnpegeneHa
KpUcTaninyeckas CTPYKTypa KBapLeBblX MOPOLUKOB C PasHOM cpefHeli Be/IMYMHON 3epeH B
TemnepatypHom uHTepBane Ao 620°C u TemnepaTypbl O- daszosoro nepexoga. NonyyeHsl
TemnepaTypHble 3aBUCMMOCTM BENYMHBI BHYTPEHHEr0 TPEHUS N PE30HAHCHON 4acToTbl Yy
06pasloB KBapLia B OKPeCTHOCTM TemnepaTypbl (PasoBOro nepexoja npu BO30YXAEHWUU
KonebaHWn B  napasneflbHOM W MepneHAMKYNsapHOA ocu  Z  KBapua  MIOCKOCTSX.
3aperncTpmpoBaHbl pas/inyHble 3Ha4YeHWUs TeMMepaTyp TOYeK MakCMyMa BHYTPEHHErO TPeHus,
nexkawime B nHTepsase ot 560 — 620°C. BbicKa3zaHbl NPEAMNON0XKEHNS 0 BO3MOXHBIX NPUYUHAX



CMeLLeHNa Temnepatypbl nepexofda. O6GHapyXeH MakKCUMyM BHYTPEHHEro TpeHus B6U3u
3HadyeHnss 350°C, He CBS3aHHbIA CO CTPYKTYPHbIMU MpeBpalleHnsiMnm B KBapue. Llenb
[anbHENWMX paboT — onpeaeneHme NPUUNH CMELLLEHMs TOUKK (ha30BOro O-f3 nepexoja B KBapLe
N NpUPOAbI NUKa BHYTPEHHEro TpeHua npu 350°C.

T T T T T T T T T T T
. D.O-D 331 ]
160 2 2 T, =220K
T=95K T,=195K \
140 | — .
= 120
N i g ]
= as prepare 400
2 220, 422, 620
O 100 |- e< —
= p 511
gol  T.=145K |
440
60 .
1 " 1 " 1 " 1 " 1 " 1
1.0 0.9 0.8 0.7 0.6 0.5

Occupancy of small cages
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Fig. 6. Comparisons of the Gey(v) spectra of crystalline (Cr-2 and Cr-3) and orientational glass
(OG) solid phases of 2,3-dimethylbutane with the Geq(v) spectra of isolated molecules
calculated within one phonon scattering approximation.

Ha cnektpomeTpe o6paTHoini reomeTpum HEPA wu3yyeHbl BMOPaLMOHHbIE CMEKTPbI
N30MepOoB rekcaHa, AN KOTOPbIX TaKXKe NpoBedeHbl pacyeTsbl B pamkax metoga DFT. CnekTpbl
Heynpyroro paccesHua U3MepeHbl AN WU30MEpoB: 2- WU 3-MeTWUN-MEeHTaH u 2,2- unn 2,3-
amveTun-6ytaH ¢ obuwert gopmynon CgHis. OQHOBPEMEHHO M3MEPSNNUCH AUPPAKLUOHHbIE
CMEeKTPbl 3TMX 06pasLoB, YTO MNO3BOMIANO KOHTPONMPOBATb CTPYKTYpy TBepabiX as. DFT



BbIYNCNEHUA CTPYKTYPbl U AUHAMUKM MOJMIEKYNT U3YYEHHbIX W30MEepoB OblNN CcAenaHbl A/1s
WHTepnpeTauuy HU3KOYaCTOTHOM 4acTW CMeKTpa BHYTPEHHUX KonebaHWuil, KOTopas XOpOLLo
BAHa Ha 3KCMEPUMEHTa/IbHbIX CMEKTPax, M3MEPEHHbIX MpW HU3KOW Temnepatype. Oco6blii
MHTEpeC B 3TUX BbIMMCNEHMAX Obl1 CBA3aH C TEM, YTO CMEKTPbl Heymnpyroro paccesHus
AMN30NPONNUa, N3MEPEHHbIE B CTEK/IONOA0OHON M KPUCTaIMYECKON (ha3aX, OTIMYannCh Apyr
oT gpyra. CpaBHeHME BbIYMCNEHHbIX WU U3MepeHHbIX CrnekTpoB (Puc. 6) MnokasbiBaeT, 4TO
BHYTPEHHMe KofebaHUAs B COCTOAHUM OpueHTaumoHHoro cTekna (OG) COOTBETCTBYHOT
KonebaHmsam B gauche-hopme Monekynbl. TO NpegnonaraeT HU3KME NOTEHUMaIbHbIE Bapbepbl
AN BHYTPEHHUX BpaLLeHuid monekynsapHbix rpynn CH(CHzs),, 4To Takke 6b110 NOATBEPXKAEHO
DFT BbluncneHnamu.

Ha cnektpometpe ANH-2ITN Ha o6bpa3uax AgCuSe Bnepsble C MCMNOMb30BaHMEM
MeTOAa paccesHUs MenJIeHHbIX HEMTPOHOB MPOBEAEHO WCCMefoBaHMe aTOMHOW AMHaMUKN B
CYNEepUOHHON W  HEeCYnepuoOHHOW (hazax 3TOr0 COeAMHEHWsA. AHain3  AUHAMUYECKOro
CTPYKTYpHOro ¢paktopa S(Q,w) yKasblBaeT Ha HalMune HU3KO3HEPreTUYeCKUX Mof B 06nactu
3Hepruii 3 — 4 maB B ynopsigo4yeHHOM cocTosHUM AgCuSe, NPeanonoXMUTE/IbHO OTBEYAOLLMM
aKyCTUYeCKMM  (POHOHHbIM  MOZaMm. YCTaHOB/eHa KOppenauus Mexay MepexofoMm B
CynepuoHHoe coctosiHne AgCuSe M M3MEHEHUAMU B [UHAMUKe KPUCT/IIMYECKOW PELUETKM,
3aK/M0YAI0LLAACA B PE3KOM M3MEHEHUW CMEeKTPOB [AMHAMUYECKOrO CTPYKTYPHOrO (hakTopa,
0606LeHHOM MAIOTHOCTU (POHOHHBLIX COCTOSIHUIA, TEPMOAMHAMUYECKMX CBOWCTB. YBeNNYeHue
amnanTyfbl TENOBbIX KOMebaHWi, M3MeHeHWe Terj0eMKOCTU NPU Mepexode B CYnepuoHHOe
COCTOAIHME CBUAETENbCTBYET O 3HAUYUTE/IbBHOM CMArYeHUU (POHOHHOro criektpa B a- AgCuSe.
MNOTHOCTL (POHOHHBLIX cocTOsHUA G(€) B O- n B AgCuSe xapaktepusyeTcsi HeebaeBCKUM
noBeAeHNeM B 06/1aCTU MasibIX 3HEPTUI 1 ABYMS BbIPaXKEHHbLIMU MakcMymamu npu € - 10 n 20
M3B (Puc. 7). MpuumHoi oTKNoHeHnst G(€) oT aebaeBCKOW 3aBUCUMOCTU ABNSETCA NPUCYTCTBUE
MOAbl HU3KO3HEPreTUYecKMx BO30YXKAeHWn. Mpu nepexode oT B K o hase HabnogaeTcs
pasvbiTie MakcuMmymoB npu € 10 u 20 m3aB, kak cnefcTsme M3MEHEHUA MHOTMX (PakTopoB
aTOMHOI AMHAMUKMN UCCNeAYEeMON CUCTEMBI.
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Puc. 7. HeliTpoHHO-B3BeLLEHHAst 0606LLEHHAA NNOTHOCTb (POHOHHBIX cocTOoAHNN G(&) AgCuSe
B CYNePWOHHOI 1 HECYNepUOHHOM (hasax.



1.2. HEMTPOHHAA AAEPHASA ®UN3NKA
BeegeHne

B TeueHne 2005 0CHOBHbIe paboThbl B 06/1aCTU HEMTPOHHOM AepHON (n3nKu B JIH® nm.
. M. ®paHka npoBogunucb Ha peaktope MBP-2, ycTtaHoBke 3I-5, Ha HEMTPOHHbIX My4yKax
APYrvX afepHbIX LeHTpoB Poccuun, Bonrapun, Monbwun, Yexuun, Mepmanuu, Pecrnybnvkn Kopes,
Kutasa, ®paHuun, CLUA, n AnoHun. KiccneposaHuA NpPOBOAWIUCL B TPaAUMLMOHHBIX
Hanpa./feHNAX: M3y4eHne NPOLECCOB HapyLUeHWUs NPOCTPAHCTBEHHOW U BPEMEHHON YeTHOCTU
Npv  B3aMMOLENCTBMM  HEWTPOHOB C  AApamu;  M3Y4YeHMe  KBaHTOBO-MeXaHW4ecKux
XapakTepUCTUK, SHEPreTUKM W [OUHAMMKM MpoLecca [eNeHusi; 3KCNepuMeHTa/IbHOe U
TEOPEeTMYECKOe WCCNefOBaHNE 31EKTPOMarHMTHbIX CBOWCTB HEMTpPOHa M ero GeTa-pacnafa;
ramma-CrneKTpOCKONUA HEeNTPOHHO-AAEPHBbIX B3aMMOAENCTBUIA, CTPYKTypa aTOMHOro A4pa;
MONYYEHNE HOBbIX AaHHBbIX A1 PEeaKTOPHbIX MPUIOKEHWIA N AN SAEPHON acTpogm3nKuK;
9KCMEPUMEHTbI C YbTPaxo0AHbIMI HEATPOHAMU; NPUKNaAHbIe NCCNeL0BaHUS.

1. OKcnepMeHTa/bHbIe UCCIeA0BaHNA
1.1 dyHaamMeH T a/lbHble CBOMCTBA HEMTPOHA

1.1.1 SKCNEPUMEHT MO NPSAMOMY M3MEPEHUIO CEUYEHNSI PACCESHISA HEMTPOHA Ha HeliTpoHe

PaboTbl B paMKax MOArOTOBKM W MPOBEAEHWUA 3KCMepUMeHTa Mo MpsaMOMY W3MEPEHUHo
CeYeHUs paccesHWs HeMTpoHa Ha HeWTpoHe Ha peakTope AMYAP (POAL-BHUNTO®,
I.CHEXMHCK)

B 2006 r. 6bl1 M3roTOBMEH MOJHbLIA KOMMAEKT KOMMMATOPOB M3 CMECcK 060ralléHHOro
6opa C cepoi (ANs UEHTpanbHbIX KONNMMATOPOB) M M3 CMecu Kapbupa 6Gopa C cepoii B
0Yex/IoBKe U3 Kaamusa (4N OCTasIbHbIX KOAMMMATOPOB). MpoBefeHbl BaKyyMHbIE UCMbITaHUSA
HWKHEl YacTW KaHana C YCTaHOBNEHHbIMU B Heé Ko/iimmaTtopamu. VicnbiTaHnsa nokasanm, 4To B
NCNbITbIBAEMOW  KOH(Urypauuy (6e3 BepxHe 4YacTu KaHana) Mpy  LUTATHOM OTKauke
focTuraetca Bakyym ~3 10°° m6ap, UTo JOCTATOUHO /191 MPOBEAEHNSA N3MEPEHUS NN-PacCesiHA.
(CobpaHHas HMXKHAN YaCTb YCTAHOBKM BO BPEMS UCMbITaHWIA NpeacTaBneHa Ha Puc. 1 n Puc. 2)

[MpoBefeHO MCMbITaHNe MarHuTopaspsgHoro Hacoca (tun «HOP/A-250»), yCcTaHOBMB €ro
BMeCTO OAHOro 13 TypbOMOJIEKYNAPHbLIX HACOCOB. VcnbiTaHWe nokasano, YTO UCMO/b30BaHUe
3TOr0 Hacoca He NPMBOAUT K Y/yYLLEHNIO BaKyyMa BHYTPW BaKyyMHOI CUCTEMbI.




: 3aBepLLeHo N3roTOBMIEHME
B\/j [IOMOSTHUTENbHOM OCHACTKM NS MOHTaXa
HEMTPOHHOIr0 KaHana noj pPeakTopom MU
NnpoBefeHNs  BepxoBbIX  paboT  (nmop
MOTO/IKOM PEaKTOPHOro 3aa) Mo MOHTaXy
3M1IEMEHTOB HEMTPOHHOI 0 KaHana.

M3rotoBneHa OCHOBHas 4acTb

\% UepekpbiTne
— |PeaxTopHoro 3ana 3/1EMEHTOB KOHCTPYKLUK
Baxwsmien g _Mj?f:% > MOZEePHM3NPOBaHHOIO feTeKTopa.
3ameanTens ‘ MpoBefeHbI ncnblTaHNA BaKyYyMHOU

ArBos | MAOTHOCTU Kopnyca feTeKTopa.

30 ~90/MbI'

PeoKTOD WccnepoBanncb  pasnnyHble  PeXXuMmbl
;} paboTbl AeTeKTopa C Lenbilo MakCUMaibHO
= YMEHbLUNTL ANUTENIbHOCTL UMNYyNbca Mnpu

, 30unTo COXpaHeHUV aMnINTYLHOIO paspeLLeHms.
i (LHerB) TakyM 06pasoM, 6bln  3aBepLLeHb
(87 (7 reah N AN 7 (7 PadoThI rno M3rOTOB/EHNIO
575 e Jooeers nonHoMacLUTabHoM YCTaHOBKM ans
SOt L RS N3MEPEHNS CEYEHUS pacCesiHUst HeMTpoHa
QIO iy ~
L H26 08 Konmmaoniias Ha HeMTpoHe Ha peakTope AlYAP.
oS ] Fofssy cverena YcTaHOBKa  YCMeWHO  npolusia
Q Y s TeCcToBble MpoBepkn B  [y6He, 6blia
oA B nepenpasneHa B CHEXXMHCK, CMOHTMPOBaHa
S| N OTBLIOCTUPOBaHA Ha peakTope AIYAP.
AT |2 Sosl Do [na npoBepkn paboTOCNOCO6HOCTU
S - K BCEX CUCTEM YCTaHOBKW B  YC/OBUAX
feoge o il I peasibHbIX M3MEPEHUIN Ha peakTope, a TaKkxe
LILOE 419 NPOBEPKM [OCTOBEPHOCTM MOJTyHaeMbIX
£0208 pesynbTaToB  OblIN  BbIMOMHEHbI  MepBble
D fleTexron Ka/IMbpoBOYHbIE _V3MEpeHNA  Ha - rasax.
o Cxema n3mepeHuin npescTasieHa Ha Puc.3.
B nonoctb BHYTPU  aKTUBHOM  30HbI

peakTopa, B KOTOPOI JO/MKHO MPOUCXOAUTD
paccesiHue HeWTPOHOB Apyr Ha gpyre,
3ano/HAETCA WHEPTHbIM ra3 C  XOpOLUO
N3BECTHbIM  CEYEHMEM  paccedHua  npu
pasneHmn ~100 Topp. MonocTb OTAeneHa OT BaKyyMHOrO KaHasia, Mo KOTOPOMY HEWTPOHb,
paccesiHHble Ha rase nonajatT B AETEKTOpP, TOHKOW a/ltOMUHMEBON (hoMbroil. Bes ocTasbHas
yCTaHOBKa (3a WCK/IIOYeHMEM [eTeKTopa, 4yBCTBMTE/IbHOCTb KOTOPOro Oblia MOHWXKeHa, W
cocTaBnsna 6,6 10, B oTamume oT 100% 3ththeKTUBHOCTW S PErMCTpaLmn N-n paccesHus)
Takas >Xe, KaKk W nNpu W3MEPeHUM n-n paccesHus TonwmHon 40 mMkMm. [Mo uwucny
3apermcTpMpoBaHHbIX HEVTPOHOB, MNPV U3BECTHOM 3HEProBbI4ENEHUM PeaKTopa, BblYMCNSAETCA
CeyeHVe paccesHUs HEMTPOHOB Ha rase, 3aro/iHAIOLWEM BHYTPEHHIOK MOJMIOCTb peakTopa.
CoBnafieHne W3MEPeHHOro TakMM 00pa3oM CeYeHUss C 3apaHee W3BECTHbIM TabMYHbIM
CeYeHVEeM, £BNAETCA KPUTEpMEM MNPaBWUILHOCTUM  HOCTUPOBKU  CUCTEMbl, MPaBUIbHOCTU
BbIYMC/IEHNA HEWTPOHHOIO CMeKTpa W TeNEeCHOr0 Yrna, B KOTOPOM MPOUCXOAUT perucTpauus
HEeNTPOHOB. Kpome TOro, B 3TOM U3MePEHUN TECTUPYETCS BECb PErMCTPALMOHHBIN KaHaJl.

Pe3ynbTaTbl M3MePEHUIA NOKa3av crnegytoLuee:

1. Bce cucTembl YCTaHOBKM, 3a WCK/IHOYEHWEM CUCTEMbI perucrpauum paboTtaroT
HOpPMaJIbHO.

2. HeoxupaHHO BenMKa oOKasasiacb posb Yy-(hoHa — nogasnstollee OGONbLUMHCTBO
PErncTpMpyembIX 4eTEKTOPOM COObITUIA BO BPeMS UMMNY/IbCa peakTopa 3TO Y-KBaHTbl. BOMbLLON

Puc. 3. Cxema YCTaHOBKM A1  KalMOPOBOYHbIX
M3MEpPEHNIi Ha rasax.



MOTOK Y-KBAHTOB, NPOXOAALMIA Yepe3 AeTeKTOp, NMPUBOAUT K TOMY, YTO AETEKTOpP nepecTaér
PErmcTpMpoBaTb Kakue-nnbo cobbiTua (Kak HeTPOHbI TaK U y-KBaHTbI) M BOCCTaHaB/IMBAETCH
cnycta 6onee yem 10 mc, KOrga MOTOK TENIOBLIX HEMTPOHOB, PaccesBLUMXCA Ha aToOMax rasa,
y>Ke MUHOBa/1 AeTeKTop. MM03ToMy permctpauns HeMTPOHOB B MMMY/bCHOM PeXuMe OKasanachb
HEBO3MOXHa. HeobXoAMMO MpPOBECTM AOMNOMHWUTENbHOE MOAENMPOBaHWE, A7 ONTUMU3ALUN
3aLMUThI feTEKTOpa C TOUKM 3PEHUS YMEHbLUEHMS NMOTOKA y-KBAHTOB, NMPOXOAALLEr0 Yepes Hero,
M MOAEPHM3ALMIO 3MEKTPOHMKMA CUCTEMbI PErucTpauum C LeNbio YMEHbLUEHUS BPEMEHW
BOCCTaHOB/IEHWSA B C/lyyae NeperpysKu.

3. MNpoBefeHHOE M3MEPEHME Ha MOCTOSAHHOW MOLLHOCTM peakTopa NokKasasio, YTO KaHasl
OTHIOCTVMPOBaH MpPaBWbLHO W, YTO NPU  OTCYTCTBMM MEPerpyskn [eTekTopa cucTema
perucTpaumMm Takke npaBWAbHO paboTaeT. WM3MepeHHOe CeueHMe pacCesiHus TenioBbIX
HeliTpoHOB Ha “He coctaBuno 0,87+0,13 6 (TabAMUHOE 3HaueHKe 3Toro ceyeHmns — 0,760 6).

1.1.2 WccneposaHme n-e paccesaHus

HoBbIn METOZ MONYYEHUS SKCNEPUMEHTA/IbHON BENMUYNHBI AJINHLI PaCCEAHNA HEMTPOHA Ha
3NeKTpoHe b, Obln MpYMeHeH ANA aHains3a AaHHbIX MO CTPYKTYpHbIM (hakTopam S(q) (q-

nepefaHHOe BO/IHOBOE YMC/O0), OMUCHLIBAIOLMX AN(PaKLMIO HEMTPOHOB B rasax U XWUAKOCTSX.
cnonb3oBanMcb MOMyYeHHble Ha peakTope B [peHoGne pe3ynbTaTbl  AUGPaKLMOHHBLIX
9KCMEePUMEHTOB MHTEPHALMOHaNLHOM Fpynnbl PU3NKOB, NHO6E3HO NPeAOCTaBMUBLLMX A1 HAaLIMX
pacyeToB CBOW YWC/OBbIE JaHHbIE.

CHavana o6pabaTbiBavch S(q) Ans rasoobpasHoro msotona “°Ar, y koToporo u3-3a
aHOMa/IbHO CWJIbHOTO ALePHOr0 pacCcesiHUA OTHOCUTENIbHLIA BKaZ N,e-paccesiHns B MOJSHOE
paccesiHue NPMMEPHO Ha MOPALOK MeHbLUe, YeM Y ecTecTBeHHbIX Ar, Kr 1 Xe. COOTBETCTBEHHO,
pe3ynbTaT  OKasaiCcd BeCbMa CKPOMHbIM, HO  MNPOAEMOHCTPMPOBa  AENCTBEHHOCTb
NpeaIoXeHHOro MeToAa:

b, =-(1,33+£0,28+0,57) 107 ®m,

roe BTopas oOwubka — cuctematnyeckad. CrtaTbd HanpasfneHa B Eur. Phys. J.C.
EcTecTBeHHO, ropasgo Nyylumnii pesybTaTr fana 06paboTKa faHHbIX N0 AUGPaKLMM Ha XKNLKOM
Kr. Tpn pasHbix BapuaHTa 06paboTKN [aHHbLIX MPUBENU K OYeHb O6/M3KMM BennumHam b,

Hanbosiee TOUHasA 13 KOTOPbIX
b, =-(1,38+0,04) 10~ ®wm.
JTOT pesynbTar BXoANUT B Yncio 10 — 12 nyyiumx no TOYHOCTHU.

MpeanoXeH 3KCNEPUMEHT C LE/bl0 U3MEPeHUs A/IMHbI N-€ paccesiHUs Ha YCTaHOBKe
TS3000K Ha ugkux Metannax. [lepBbli nNpeaBapuTe/bHbIA  3KCMEPUMEHT NIaHMpPYeTCs
NMPOBOAWTL Ha >XWMAKOM CBWHLIE MOCKO/IbKY TOYKA M/aBfeHUs CBUHLA HAaXOAMUTCA 4yTb BblLLEe
300°C. B cyyae y/jaqHOro 3KCMepuMeHTa Ha CBUHLE GyayT cAenaHbl U3MepPeHUs 1 Ha Apyrux
XUOKMX MeTasinax ¢ 60/iee BbICOKON TemMrepaTypoit naasieHus.

YctaHoBka TS3000K peasnm3oBaHa B HauvoHasibHOM VIHCTUTYTe AfepHOA PUNKKA UM.
“Xopsi Xynyb6eii”, byxapect — PymbiHMA (IFIN-HH) n npegHasHayeHa Ans uccnegoBaHus
CTPYKTYPbl U AUHAMWKN TBEPLOrO U >KMUAKOI0 COCTOSHUSA C MOMOLLbIO HEeynpyroro paccesHus
HENTPOHOB B YC/TIOBMAX CBEPXBbLICOKMX TEMMEPATYP U BaKyyMa.

B 2006 r. Obinm npoBedeHbl TEOPETUYECKME OUEHKN AN U3MEPeHUst [/IMHbI n-e
paccesiHMA Ha CBUHLLE C UCMOJb30BaHNEM HECKOTbKUX (DEHOMEHONOTMMYECKUX MOLENeN XNAKOro
COCTOSIHUS M XWAKOro CBUHLA. 3TU OLEHKM MOKa3biBaOT BO3MOXHOCTb MOMYYeHUsA ANNHbI Ha
ycTaHoBKe TS3000K Ha kaHane DIN-2PI.



1.2 HeinTpoHHasA onTuWKa

1.2.1 OnTwuKa CUIbHO NOrnoLatoLLnX BewecTs

3akoHYeHa paboTa MO 3KCMEpPMMEHTaIbHOM NPOBepKe CrnpaBed/IMBOCTM 3akoHa 1/v ans
CeyeHMss 3axBaTa Y/bTPaxofiOAHbIX HEMTPOHOB B E€CTECTBEHHOM rafonvHun. Mgesa paboTbl
OCHOBaHa Ha TOM OGCTOATENbCTBE, YTO B3aMMOAENCTBME HEMTPOHOB C BELLECTBOM MOXET ObITb
onucaHa MoZenbio 3PMEKTUBHONO ONTUYECKOrO MOTEHUMana B TOM U TO/IbKO B TOM Cly4ae,
Korfa rnosHoe ceyeHvie B3aMOLENCTBUA HEWTPOHOB C AApamn BeLLecTBa NMOAUNHSAETCS 3aKOHY
1/v. Mpu 3TOM ONTUYECKUIA NOTeHUMan V BOOOLLE rOBOPS KOMI/IEKCEH.

V=U+iW. 1)

B cnyyae ecTecTBEHHOro rafiofiMHNSA, 061a4atoLLero peKopAHbIM 3Ha4YeHEM CeveHns 3axBarta
Gnarogaps HaIM4YMK0 Pe30HaHCOB B TEM/IOBON 06/1aCTW 3HEPruin, MofeNb MOTeHLMana BoobLe
rosopsi He cnpasefMBa. OfHAKO 418 XONOAHbIX N OYeHb XONMOAHbIX HETPOHOB OHAa [0/HKHA
BbINONHATLCA C  OOMbLUIOA TOYHOCTbI. 3HAyYeHUs [AEWCTBUTENbHOM UM MHMMOW YacTein
MoTeHUMana eCTeCTBEHHOro rafo/iMHuA ansa cnydad YXH Obinn onpefeneHbl B HalMX
npegwecteyowmx padorax [1.1, 1.2]: V = 45H3B, W = 82H3B.

T
YXH

MoHoxpomaTtop

KpemMHuneBas
njacTuHa

Puc. 4. Cxema akcnepuMeHTa no npoBepke 3akoHa 1/V Ans ceueHus 3axBaTa
YXH B eCTEeCTBEHHOM rano/iMH1u.

OCO06eHHOCTb MOAeny MnoTeHuMana COCTOMT B TOM, YTO B Clyyae ee CpaBef/IMBOCTU Kak
KO3(h(MLMEHT OTPaXKEHWs, TaK U NPO3PaYHOCTb BELLECTBA 3aBUCAT TONbKO OT KOMMOHEHTI
CKOPOCTW HENTPOHa, HOPMa/lbHOM K MOBEPXHOCTY BeLecTBa. VIMEHHO 3Ta 0COGEHHOCTb U Obina
MOoJI0XKeHa B OCHOBY HaLLEero sKcrnepumeHTa.

YnbTpaxonogHble HENTPOHbI  NPOXOAWAN  4epe3  Mepudepuyeckyto  YacTb  06pasua,
NPeACTaBNAOWEro CO60M NMEHKY rafofMHUSA, TOMLMHON OKONMO 25HM, HAaHECEHHYH Ha
KPEMHWEBbIN AMCK. Bpalyas AUCK, MOXHO 6blN0 MEHSATb OTHOCUTENbHYH CKOPOCTb HEMTPOHOB 1
obpasya, COXpaHssd HEW3MEeHHOW HOPMaJlbHYK0 KOMMOHEHTY cKopoctu (cm. Pwuc.4).
HensmeHHOCTb MPONycKaHWA OT CKOPOCTW BpalleHusi CBUAETeNIbCTBOBasla O CrpaBeAnnBOCTM
mMoZenn 3(¢eKTMBHOro noTeHUmana W, CnefjosartefibHO, O BbIMOSHEHWM 3akoHa 1/v. B
pesynbTaTe YCTaHOB/IEHO, YTO 3aKOH 1/v Ans ceyeHns 3axeata ¥ XH B eCTECTBEHHOM ragonvHUm
cnpaBea/iMB ¢ TOYHOCTbIO nopsigka 0.1% B mMHTepBane M3MeHEHUs ckopocTe YXH oT 4 ao
35Mm/cek.



1.2.2 B3anmogencTBUe HEMTPOHA C YCKOPSAOLWMMCS BELLECTBOM

Bbin nocTtaBneH 3KCNEPUMEHT MO HaGMOAEHMIO W3MEHEHMSI 3HEPrMM  HEWTpPOHa npu
MPOXOXAEHNN Yepe3 YCKOpeHHOoe BellecTBO. CyllecTBOBaHME adekTa crefyeT Kak U3
CnpaBea/IMBOCTA MPUHLMNA 3KBUBAIEHTHOCTM, TaK U U3 AeTasbHbIX HEWTPOHHO-OMTUYECKUX
pacyetoB [2.2]. Ona nnockoro ob6pasua, ABMratoWwerocs ¢ YCKOpPeHWeM, BenmumHa 3tdekTta
OMpeaenseTcs BblpaXXeHNEM

AE = wd 1—n 2),
n
rge d — TonwmHa obpasua, N — nokasaTe/b NPenoMIeHNs U W — ycKopeHue obpasua. Llenbto
paboTbl ObII0 N3MEPEHME TaKOro 3MeHeHWS SHEPT U,
B kauecTBe o6pasua MCcnonb3oBanacb KPeMHMEBas MNacTWMHA, TOALWMHON 0.6MM, KOTOPYHO
MOXHO Obl0 NPUBOAUTL B rapMOHMYECKOe ABVKEHME. Mpu 3TOM 3HEprus HeMTpoHa Takxe
A0/MKHa Obl/1a MEHATHLCA MO FAPMOHMYECKOMY 3aKOHY B COOTBETCTBUM C

AE(t) = PTnAdQZSin(Qt) | 3),

roe A n Q=2nf — amnanTyga 1 yactoTa ocunINALMM obpasua COOTBETCTBEHHO. MaKcManbHoe

— 2
3HaueHe yckoperns W, = AQ coctasnsno sennumHy nopsaka 7.5g, YeMy COOTBETCTBYET
nepefava 3Heprum

064 Maximum of the scanning curve AE = 2)( 10_10 3B.

‘ IKCNepMeHT 6bl1 NOCTaBNeH C
rpaBUTaUMOHHbIM  CMEKTPOMETPOM
YXH ¢  uHTepdepeHUMOHHbIMK
(unetpamu. pn  3TOM  06pasey,
pasMewjanca  Mexgy  (uIbTpoM-
MOHOXPOMAaTOpPOM (n  B6/IM3M
Hero) ”n (UNbTPOM-aHaIN3aTOPOM.
FapMOHMYECKOe [ABMXXEHMe 0b6pasua
; NPUBOAWIO K  Mepuofn4yecKon
* * —— * * ! MOZYIAILMMN CKOPOCTM CUeTa C TOM e

14 16 18 20 22 24 26

Phase of the count rate oscillation (radians)

Distance between the filters (cm) L|aCTOT0|7L 3Ta Mo'qynﬂU'Mﬂ
nopoXxganacb [AByMA 3(MEKTamu:
Puc. 5. ®asa ocummnauMm ckopocTu cueTa B VISMEHEHVEM sHeprin,

MPONopLMOHaTbHbLIM YCKOPEHUIO
o6pasua, YTo 1 ABNAOCH NPeLMEeTOM
MoucKa, W M3MEHeHWeM NPO3payHOCTV 06pasLia, 00YCNOBNEHHLIM NEPUOLNYECKAM U3MEHEHNE
OTHOCUTE/IbHOM CKOPOCTU 06pasua v HeMTpoHa. Mpn pasnnyHbIX COOTHOLLEHUAX MEXAY 3TUMU
[BYMS  ahpekTaMn, WMCKOMBIM W CUCTEMATUYECKUM, (asa OCLMANALMM CKOPOCTM CYeTa
HENTPOHOB TakKXe PasINYHO. ITO 06CTOATENLCTBO U ObINIO MOIOXKEHO B OCHOBY 3KCMEPUMEHTA.
B Hem u3mepsnach hasa OCLUANALMM CKOPOCTU CYeTa B 3aBUCMMOCTM OT PacCTOSHWUSA MeXAy
ABYMS (UbTPaMW.

MonyyeHHble pe3ynbTaTbl WAMOCTPUPYOTCA PUCYHKOM 5. CUHME 3aKpbITble TOYKM —
pe3ynbTar  M3MepeHus (asbl OCUMMNALMM CKOPOCTM CyeTa B 3aBUCMMOCTW OT PacCTOSHUSA
Mexxay unbTpamun. CnnoliHas CUHAS KpuBas — TEOPeTUYeCKUiA pacyeT. KpacHas Hak/OHHas
npsMas — pacyeT, CAeNnaHHbliA B NPeLnoNioXKEHUN, UTO W3MeHeHWe (asbl  OCLUANALMM
06YyC0B/IEHO TO/IbKO NEPUOAMYECKOM MOLYNALMEN Npo3pavyHOCTM 06pa3La, a MCKOMBbIA ath(hekT
N3MEHEHUS 3HEPTUM OTCYTCTBYET. [OpM30OHTasIbHAas CrJ/IOWHAA U MYHKTUPHAA IMHUM — (asa
OCUMNNALMIN CKOPOCTU cyeTa (M KOPUAOP NOrpeLlHOCTeRn) B OTCYTCTBUM (UIbTpa-aHaim3aTopa.
Mpn KOPPEKTHBIX M3MEPEHUAX U pacyeTax 3TV IMHUN JO/MKHbI NMePeceKaTbCs B O4HOM TOUKE.

3aBUCUMOCTMU OT NMONOXKEHNA MeXKAY hunbTpamu.



OKCMEPUMEHT € HECOMHEHHOCTbIO  CBMAETENbCTBYHOT O  CYLUECTBOBAaHWM  BrepBble
HabnogaeMoro 3geKTa W3MEHEHUS 3HEepPruM  HEMTPOHOB MpU  MPOXOXAEHWN  Yepe3s
ycKopsitowmiics o6pasel,. Ero BenmuMHa COOTBETCTBYET TEOPETMYECKMM MpeackasaHusM C
TOYHOCTbIO Nopsaka 15%. JanbHeilne 3KCNepUMEHTbI MOKaXyT, CBA3AHO /M 3TO PACX0X/eHNe
C (M3NYECKUMI MPUYMHAMI UM OHO HOCUT YMCTO METOAMYECKMIA XapakTep. OTMETUM eLLe, YTOo
X0Ts1 3DheKT YCKOPEHHOro BellecTBa Habnogancs noka TONbKO B HEMTPOHHO-OMTUYECKOM
3KCMEePUMEHTE, OH MMeeT BecbMa YHVBEpPCA/lbHYH0 MpUpoay W [JO/MKEH CYLUECTBOBATb U AN1s
YaCTWL, UHOW NPUPOAbI.

1.2.3 TpoBepka Cnaboro MpUHUMNA 3KBMBAJIEBHTHOCTU W WU3MEPEHME  YCKOPEHUS
CBOOOAHOrO NafleHns HEMTPoHa

Ha wctouHnke YXH B WJJT (peHo6/b) nocTaBieH 3KCMEPUMEHT MO U3MEPEHUIO
YCKOPeHNss CBOOGOAHOrO MafeHUsi HeMTpoHa. OKCMEpPUMMEHT MOCTaB/fieH C  MOMOLLbHO
rpaBUTaLMOHHOrO criektpometpa ¥ XH ¢ nHtepdepometpammn dabpu-repo (UPII), a ero naes,
ony6/MKoBaHHas paHee B paboTe, UNMIKOCTPUPYETCA PUCYHKOM 6. ocne npoxoxaeHns NOM-
MOHOXpOMaTopa HEMTPOHbI C Y3KMM MHTEPBA/IOM BEPTUKa/IbHbIX CKOPOCTEN MPOXOAAT 4epes
BpaLLatoLLyocs (pasoBy0 AUMPaKLMOHHYKO pelleTKy. HelnTpoHbl, COOTBETCTBYHOWME - 1-My
nopaaKy AudpakuMym ymeHbLIaOT CBOK 3HepruMio Ha BennuuHy AE=#7Q, rge dacTtoTa

f
MoAyauMmM Q nponopLMoHanbHa YacToTe BpalleHus peleTkn f u paBHa Q = 2n$ , roe ¢-

yrnoBo nepuof pewetkn. Ha nytm K WdM-aHanmsatopy HENTPOHbI YCKOPAKOTCA B
rpaBUTaLIOHHOM NOne, yBennumMBas CBO aHepruto Ha sennudy MOH | rpe H — paccrosnme

mexay WOI. W3mepeHve 3Hepruv npousBOAUTCA MYyTEM CKaHWPOBaHWA MO BbICOTe
aHanmsnpyrownm ®r1. Mpu 3TtoMm onpefenseTca MakCMMyMbl COOTBETCTBYHOLUMX KPUBBIX
CKaHMPOBaHWA NMPU Pa3/INYHbIX 3HAYEHUAX YaCTOTbl BpaLLEHUs PEeLLETKN 1 MPOMNopLMOHa/IbHOM
el yacToTbl Mogynauun. BennumHa yckopeHuss CBOGOAHOMO MafeHust onpegensieTca npu aTom
N3 COOTHOLLEHNS

_hno
g m AH

(4)

Pe3ynbTaTbl OHO 13 3KCNEPUMEHTA/IbHBIX CepUiA NPUBEAEHbI HA PUCYHKE 7.

Fabri-Perrot .
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Puc. 6. Wpea askcnepumeHTa no Puc. 7. Tlono>keHne MakCMMyMOB KPUBbIX
W3MEPEHNIO  YCKOPEHUs  CBOBOAHOIO CKaHMpoBaHWA B 3aBUCMMOCTM  OT
najeHns HelTpoHa. 4acTOTbI BpaLLEHNA PeLLeTKN.




B HacToslllee Bpemsi MPOAO/KAeTcss 06paboTKa  IKCMEPUMEHTAIbHLIX  [aHHbIX.
MpeABapuTENbHBIA pe3ynbTaT COCTOMT B TOM, YTO B Mpedenax TOYHOCTM mnopsgaka 0.2%.
YCKOPEHME CBOGOAHOIO NajieHNst HEMTPOHA TaKoe XKe, YTO W AN MAaKPOCKOMUYECKMX TeN.

1.2.4 TlpoeKTunpoBaHWE HEMTPOHHOrO MUKPOCKOMa

B 2006 romy HauaTbl paboTbl Hag MPOEKTOM HEMTPOHHOr0  MMKPOCKOMA,
OPVEHTUPOBAHHOIO Ha €BpOnenicknue WCTOYHMKM YXH HoBOro mnokoneHus. Co3gaHo
MaTemMaTuyeckoe obecriedeHune [18 pacyeTa 3epKa/ibHbIX OMNTUYECKUX cuctem ans YXH B
npucyTcTBUM rpasuTauui. C NOMOLLGIO 3TOM NPOrpaMmbl BedyTCA pacyeTbl FOPU3OHTa/IbHOIO
HEMTPOHHOrO MMUKPOCKOMa C KOMMEHCaLMed rpaBuMTaLmOHHbIX abeppaumnii NpenoMAsHoLWUMm
anemeHTamu. NonyyeHbl 06HaAEXMBaKOLLVE Pe3y nbTaThl.

1.3 UccnefoBaHme CBOMCTB Y/bTPaxon04HbIX HEATPOHOB
1.3.1 PaboTbl B paMKax mccnefoBaHns B3auMogencTanst ¥ XH ¢ noBepXHOCTbto

B 2006 rogy O6binM npoBeAeHbl WCCNeAOBaHMS MOBEPXHOCTEN psda  MaTepuanos
MMKPOCKOMOM aTOMHbIX cun (AFM). ViccneposaHus NPOBOAMIUCH C LiENIbHO MPOBEPKU TUMOTE3bI
0 NMOBEPXHOCTHbIX HAHOYACTULAX KaK NPUYMHE TaK Ha3biBa€MOro «Masoro Harpeea» Y XH npu
B3aVIMOZENCTBUM C MOBEPXHOCTLIO. VccnefoBanach MOBEPXHOCTb MeAW, Kenesa, pas/iMuHbIX
MapoK HepXKaBeroLlei cTann 1 cangupa, a Tak >e 3aBUCUMOCTb CTPYKTYpPbl MOBEPXHOCTU OT
TemnepaTypbl NpeLBapuTeNbHOro 06e3ransaHns. TUNNYHbIe faHHbIe, NoMy4YeHHble Ha AFM, ¢
MOBEPXHOCTW 06pa3LI0oB NpescTas/ieHbl Ha Puc. 8.

HepkasetoLan
cTanb A304

Cangup

1600°C

Puc. 8. [laHHble C NoBepXHOCTW 06pas3LLoB.



OCHOBHOW BbIBOJ, M3 MPOBEAEHHBLIX U3MEPEHWNIA: HA BCEX MCCNEA0BaHHbIX MOBEPXHOCTAX
(32 WCKNOYEHWEM  MOIMPOBAHHOIO  MOHOKPUCTA//IMYECKOro  cangupa) MpUCYTCTBYHOT
HaHOYacTWLbl Pa3/IMyHbIX pa3MepoB. Pa3mepbl HaHOYaCTWL, YBENNYMBAKOTCA C POCTOM
TemnepaTypbl MpesBapuUTeNIbHOO Nporpesa 06pasLloB, KOMMYECTBO HAHOYACTWL, 3aBUCUT OT
3TOW TemnepaTtypbl U OT rNyOMHbI BakyymMa BO Bpems nporpeea. Ha MOHOKpPUCTaNIMYeCKOM
candgupe npu nporpeee Ao Temnepatyp ~1600°C 06pa3ytoTca HaHOYaCTULUbl B TO XKE BPEMS
nocne nporpeea Ao 800°C o6pa3oBaHME HaHOYACTWL, Ha €ro MOBEPXHOCTW HE 3aMEYeHo.
[MoBEPXHOCTb MOHOKPUCTA/IIMYECKOro candupa nocne nporpesa Ao 1600°C npefcTasnseT
Co60V CTYNeHYaTyHo CTPYKTYpPY CO CTYNeHbKaMu B OfHY aTOMapHYH MI0CKOCTb.

OO6Hapy)XeHMe 4acTuL, Ha MOBEPXHOCTU YKasblBAET HA BO3MOXHOCTb HEYnpyroro
paccesiHUA HeWTPOHOB C Ma/1Oil nepegayeit SHEPrM Ha TakMX YacTWLax €C/ii OHU OKaXKyTCs
[0CTaTOMHO CBOOOAHbLIMN.

1.3.2 ViccnefoBaHue KBasmynpyroro paccesHma Y XH

B npogo/mkeHne paboTbl MpoWOro rofga mnposefdeHbl B ILL HOBble u3MepeHus
BEPOATHOCTM W CMEeKTPOB KBasWynpyroro paccesHus YXH Ha page o6pasuos: mefp,
aMasonofobHbIn yrnepod, TenoH v Ap. B npefplaylwyx 3KcnepumeHTax Obl1 BrepBble
06HapY>KeH 3HaYMTEeNbHbIN HarpeB HEMTPOHOB B 061aCTb CKOpoCTet 8-12 m/c.

MeTog 3akntovancs B M3MEpPeHUM NOToKa HerTpOHOB (MOC/ne paccesHus Ha obpasue)
CKBO3b Ka/MbpoBaHHble 06pasLbl C U3BECTHLIM CEYeHMEM MOT/IOWEeHNS HEUTPOHOB. B faHHOM
Clyyae B KayecTBe MOrNOTWUTeNel MCNOMb30BA/INCL NIACTUHLI MOHOKPUCTA/IIOB KPEMHUS U
poaueBble (hoNbrv. Takum 06pa3oM M3MepPSAIUCH KPUBbLIE NOTOLLEHNSA 415 HEUTPOHOB MOJIHOTO
CMEKTpa paccesHus: OT YNbTPaxonoAHbIX A0 TennoBbiX. VI3MepeHbl KpYBble MOr/OLWEHNA U
BOCCTAHOB/IEHbI W3 HUX CMEKTPbl PAacCesHHbIX HENTPOHOB. OKOHYaTe/bHas 06paboTka
pe3ynbTaToB OyAeT npoBefeHa B Havane 2007 T.

Kak 1 B npeXHeM ciyyae, U3mMepeHusi NPOBOAWIUCH TOMIbKO MPY KOMHATHON TeMnepartype
M Ha o6pasuax TepMUYECKU B BakKyyMe He 06paboTaHHbIX. [MnaHMpyrOTCA 3KCMEPUMEHTbLI, B
KOTOPbIX NMOBEPXHOCTb 06pa3L0B MOXET B BaKyyMe TEPMUYECKN 06e3raXKmBaTthCs, a M3MepeHus
MOTYT NMPOBOAMTLCA NMPU HU3KMX TeMepaTypax.

1.3.3 Pab0oTbl Mo co34aHNI0 UICTOYHMKA Y XH Ha nmnynscHom peakTope TRIGA

[MpoBefeHbl  HOBble  [eTajlbHble  pacyeTbl W BMNEpBble  WU3MepeHa reHepaums
YNbTPaxonoAHbIX HEWTPOHOB Ha WMNyAbCHOM peakTope TRIGA-MaiHL (COBMECTHO C
rpynnamm m3 MioHxeHa M MaitHua). 3T0 ecTb peanusaums gasHero npegnioxeHms Yu. N.
Pokotilovski, ,,Production and storage of ultracold neutrons at pulsed neutron sources with low
repetition rates”, Phys. Lett., A356 (1995) 412.

PesynbTatbl No reHepaumn Y XH © HectauMoHapHOMY TpPaHCMOPTY MO 3epKajibHOMY
HEMTPOHOBOLY XOPOLLIO COr/acyoTCs C pacyeTamu.

HelTpOoHbI reHepMpoBannChL B TBEPAOW AeATEPUEBO MULLEHM Npu TemnepaType 6-10 K, un
TPaHCMOPTUPOBAIUCL MO 3epKalbHOMY HEMTPOHOBOAY A/IMHON 6 M. B yacTu akcnepyMeHTOB
MCNOMb30BasICH Me3UTUNEHOBLIN Npea3ameanTesb npu temnepatype 20 K.

Mpy perucTpauum HEMTPOHOB WCMO/b30Ba/IUCh MOMEPEMEHHO TPU pasHbIX AeTeKTopa
HENTPOHOB:  KPEMHWEBbI C  pagMatopoM M3 0OOraweHHoOro  (Topuga  nATUA,
MPONOpLMOHabHBIA ra3oBblid ¢ He-3, 1 OKOHYaTe/lbHO M3-32 BbICOKOW CKOPOCTW cyeTa Mpu
MMNYNbCHOM reHepauun (Ao 10° HEWTPOHOB B CcekyHay) GEM-geTektop € 6GOpHbIM
pagmatopoM. Mpu nmnynbce peaktopa 10 MK KOAMYECTBO 3aperncTpupoBaHHbIX HEMTPOHOB C
3Hepryeii Hxe 200 HaB npesbilwano 10°.



1.4 HapyweHve npocTPaHCTBEHHOW W BPEMEHHOW YeTHOCTW NpU B3avMOAENCTBUU
HelMTPOHOB C ALpamn

1.4.1 V13mepeHue P-HeyeTHOI acMMeT UM 3MUcCn TpUTOoHOB B peakumn °Li(n,a)°H

Ha nyuyke X0noAHbIX MOMSAPM30BaHHbIX HeilTpoHoB PF1B peaktopa W11 (FpeHo6/b)
NPoBefeH «HY/NEBOM»-3KCMNEPUMEHT MO OrnpefeneHnto (HOHOBOM acUMMeTpuUM AN cepum
9KCMEPUMEHTOB MO W3MEPEHUIO P-HEYeTHON acUMMETpPUM 3MUCCUM TPUTOHOB B peakLuu
®Li(n,0)®H. MonyyeHo 3HaueHne dp = (0.0 + 0.5) 10, Takum 06pa3oMm, yCrellHo 3aBepLueH
OAVH 13 ABYX BaXXHENLLNX, BEAYLLMXCSA B TeHeHME HECKONbKUX NOCNEAHUX NET, 3KCNEPUMEHTOB
Mo MOWUCKY HENTPa/IbHbIX TOKOB B HYK/OH-HYK/TOHHbIX B3auMOAeNCTBUAX. COMOCTaB/IeHNe 3TOr0
pesyfibTata C pe3y/ibTaTOM OCHOBHOIO 3KCMepumeHTa: o = -(8.6 + 2.0)-10'8 MOKa3bIBaeT, YTO
Habnoaemblii  apthekT 00YCNoBneH P-HEYeTHOM acuMMeTpueli TPUTOHOB U3 peakuum
®Li(n,a)°H. Llenblo uccnenoBaHUii siBnsieTcs onpedeneHve cnaboii T-Me30HHOW KOHCTaHTbI
cBasn fp, COOTBETCTBYIOLLEN B3aMMOLEWCTBUK HENTPa/IbHbIX TOKOB B HYK/IOH-HYKNOHHbIX
npoueccax. M3 monyuyeHHoN acuMMeTpuu cneaytoT orpaHuuenus: f, = (0.4 + 0.4) 107, B
NPeAnoNIOKEHNN, YTO APYrne KOHCTaHTbl PaBHbl «/1y4YlUUM 3HaYeHMsM» [unnaHka v gp., u -
1.2107 < f; < 1.6 107 ¢ yueTOM TEOPETUYECKNX 1 3KCMIEPUMEHTAbHBIX HEOMPeAeNeHHOCTe]
[PYTMX KOHCTaHT. 3TO NOATBEpXKAaeT pesynbTaThl aKCmepumeHTa Ha ‘°F u BbiBog, uTo f;
CYLLECTBEHHO MeHbLLE «TyyLLero 3HaueHus» AunnaHka 1 gp. (4.6 107). Pa6oTbl BbINOAHSIOTCA
COBMeCTHO ¢ MNA®D (FatunHa), N1 (ITpeHobnb, PpaHums), TY MioHxeHa (T'epmaHus).

1.4.2 ¥YnpaBneHne HeliTPOHHOI NonsipusaLmein nocpeac TBOM PaMCeeBCKOro BpaLLeHust

B 2006 r. 6bin npoBeAeH 3KCMEPUMEHT, LEMNbHD KOTOPOro SBASAMOCH MNPOBEPKa
3(PheKTUBHOCTM YNpaBeHNs Nonspu3aLmein TennoBbIX U ANUTENIOBbIX HEMTPOHOB C MOMOLLbIO
PafMo4acTOTHOro Nons. SKCNEPUMEHT MPOBOAUIICA Ha Nyyke H8 MMMY/NbCHOro HEMTPOHHOIO
ncrouyHnka KENS (KEK, AnoHuns). Cxema ycTaHOBKM NpuBefeHa Ha puc.9.
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Puc. 9. Cxema akcnepumMmeHTa.

Monspmsaums HEMTPOHOB M aHaNM3 UX NONAPMU3ALLMIN OCYLLECTBISNINCL YCTPOMCTBAMM Ha
OCHOBE MONAPU30BAHHOIO *He C OMTUYECKON HakauKoii, co3faHHbIMK Konnabopaumeii KEK-
NIH® ONAN B 2003-2005 rr. B coneHomge 2 pnvHoit 80 cm M guameTpom 12 cm
nocneaoBaTeslbHO pacrnonaraivcb ABe NpsAMOYro/ibHble paanoyacToTHble KaTywku PY 1 n PY 2

AnvMHon 20 cm Kaxpas. Kaxpas KaTyllka cosfaBana OCUMANMpytoLlee none 2chos(cot),

HanpaB/leHHOe BAONAb OCU Y. VI3MepeHVe OCYLLECTBASZIOCH MO BpeMeHu nponeTa. [Mone
BK/IHOUANI0Cb B MOMEHT, KOT/ja Ha BXOZ NepPBOI KaTyLLKW NPUXOANAN HeATPoHbI ¢ E, =80 mMaB

M BbIK/OYA/IUCb B MOMEHT MpuXxofa HelTpoHOoB ¢ E, = 23.6 m3aB. Npu aTom, aMnanTyaa noss
H, mMogynupoBanach Tak, 4Tobbl 06ecneynTb NOBOPOT HETPOHHOW NONAPU3ALLUN Ha 33aHHbIN



yron ¢ BOKpYr OCv y [J1f BCeX HEMTPOHOB B UHTepBasie E, < E < E,. [ind aToro Heo6xoAnMmo

BbINOMHEHVe ycnoBus yH,t =&, rae y - rMpoMarHUTHOE OTHOLLIEHWE ANS HEMTPOHA, a t — BpeMs

nponeTa HeliTpOHa AaHHON 3HepruM BAO/b KaTyLIKW. B Hallem akcreprMeHTe 6bl1o BbIGpaHO
¢ =m/2. BTopasi KaTyLlKa paboTana KOrepeHTHO C NepBoii 1, TaknM 06pa3oM, NMO/HbIA NOBOPOT

HEWTPOHHON nonspu3auuMn Ha BXOAEe aHanmM3aTtopa COCTaBnsan T, T.e., NPOUCXOAUN peBepc
nonapusaumn. COOTBETCTBYIOLLEE WU3MEHEHME TPaHCMWUCCUM, NPOLLEALLEro Yepes aHam3artop
HEWTPOHHOr0 My4yKa PerncTpMpoBaoCh CUMHTUNNALMOHHBLIM AETEKTOPOM Ha NPONeTHON 6ase
12.05 m.

Ecnu mexay nepsoi M BTOPOI KaTyLKamy BK/KOYMTb [OMNOMHUTENbHOE Nofe, TO 13-3a
[ONOMHUTENBHOIO  BpaLLEHWs HEMTPOHHON nonspu3auMm Ha 3TOM  Y4yacTKe, XapakTtep
HEWTPOHHOIN TPaHCMUCCUM U3MEHSETCS.

B akcnepumeHTe Mbl U3MEPANIN  HEMTPOHHbIE TPAHCMUCCUM C  BbIK/TKOUYEHHbLIMY
KaTyLikaMun T, W BKIOYEHHbIMK T, . 3aTeM CTPOUW OTHOLLIEHWE:

R = Ton _1: l+a(E)PlP2
Tot 1+ AP,

rge P v P, - nonapusauuy HEMTPOHOB MPOLLEAWNX N0 OTAENbHOCTM CKBO3b MONAPU3aTOP M
aHaM3aTop COOTBETCTBEHHO. BcA MH(opmauus 0 nonsx, AenNCTBUMIO KOTOPbIX HEWTPOHHas
nonapmsaumna noasepranacb Ha Yy4yacTke OT MonspM3aTopa K aHanm3atopy COAEpPXUTCA B
(yHKUMK O((E). Ha puc. 10,11 nokasaHbl OTHOWeEHWA R AN cnyyaeB C BbIK/IHOYEHHBIM U
BK/IFOYEHHbLIM MasibIM CO/IEHOMAOM. KpacHble IMHUKN — NOATOHKA. SHepreTuyeckas 3aBMCcMMOCTb
OTHOLLIEHWI R cBA3aHa C 3aBUCUMOCTbIO OT 3HEPT UK HETPOHOB BETNUMH O((E), PRnPb,.

o1 T
Neutron energy (eV)

Puc. 10. OTHoweHune R, korga Masblil CONEHONL BbIKMOYEH.
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Puc. 11. OTHoweHune R, korga Manblil CONeHONA BbIKNHOYEH.

Ha 2007 3annaHupoBaHbl MPOBEAEHUS WUCCNef0oBaHUA NO METOAMKE W3rOTOB/IEHUA WU
oTbopa MoHOKpucTannoB LaAlO, c uenbio co3faHns Nonspu3oBaHHOW AAEPHOW MULLEHW ANns

NpoBepkM  T-MHBAPMAHTHOCTM BO  B3aUMOJEWCTBMM  MOMSIPU3OBAHHBLIX  HETPOHOB  C
nonsipusoBaHHbIMK sigpaMu. Kpome Toro, 6yayT nNpoBoaMTCs paboTbl MO COBEPLUEHCTBOBAHMIO
CYLLIECTBYIOLLIETO KPUOCTaTa SAEPHOIN MULLIEHN.

1.4.3 TMonck 1 nccnepoBaHne CTPYKTYPbl MOAMOPOroBbIX HEWTPOHHBIX P-Pe30HAHCOB Ha
M30TONax CBUHLA MeTO040M KOMOUHMPOBAHHON KOPPENALMOHHON ramma-CrneKk T pocKonum

C uenbio NPoBEPKU NOMYYEHHbIX paHee 3KCNepUMEHTa/IbHbIX AaHHbIX O CYLLEeCTBOBaHUM
OTPULIATENLHOTO HEiTPOHHOTO p-pesoHaHca y usotona 2°’Pb, Bmecto 2**Pb, kak oxuganock Ha
OCHOBaHWWM paboT no HabNOLEHWIO MOBOPOTa CNUHA  TEMIOBbIX  HEWTPOHOB  Mpu
B3aVIMOAENCTBUM CO CBWMHLOM, O6bliM NpPOBeAeHbl AOMONHUTENbHbIE 3KCMEPUMEHTbI  Ha
yCOBEPLLEHCTBOBAaHHOM ramma-crniektpometpe COCOS kaHana Nel peaktopa WBP-2 ¢
MOBbILUIEHHON 3((EeKTUBHOCTHIO U BbiCTpoLeicTBMEM. [N M3Yy4YeHUs 3SHEpPreTUYecKom
3aBMCMMOCTM X0Aa CeuYeHMst paAvalMOHHOIO 3axBaTa HEWTPOHOB B KayeCTBE MMULLEHEN
1CNO/b30Ba/IMCh ABa 06pasLia C pas/IMyHbIM BECOM W COAEPXKaHMEM U3yvaeMbIX 130TOMOB: a) 20
r ¢ o6oraweHvem 90,4% no msotony 2°’Pb n 6) 9 r ¢ o6oraweHnem 51% no usotony **Pb,
cogepxatLym 0,94 r usotona 2°’Pb.

B pesynbTate npoBeAEHMSI HECKONbKUX CEpUiA U3MEPEHUI HaKOMAEH A0CTaTOYHbIN
9KCMepUMEHTaNbHbIA  MaTepuas, A1 BO3MOXHOW W30TOMHON MAEHTUMMKALMM  UCKOMOO
OTpULLATENIbHOrO P-pPe30HaHCa M OLIEHKM ero napameTpoB.

1.5 ViccneposaHna feneHna aaep

1.5.1 I'oncK 3K30TUYECKUX MOA, fieNieHNa Ha peakTope VNIBP-2 ¢ ncnosib3osBaHnemM yCTaHOBKN
«MUHKN-PobOoC»

Co6bITVS, YKa3blBalOLME HAa BO3MOXHOCTb CYLUECTBOBAHWS TPOWHOrO KOMMMHEAPHOro
KnactepHoro pacnaga (TKKP), Gbinn BrepBble OGHApYXeHbl B CEPUM 3KCTEPUMEHTOB MO



M3YYeHNIO CMIOHTAHHOrO AeneHns saep °2Cf, npoBeaeHHbIX B J1a60paTopui SAEPHbIX PeaKLimii.
AKcnepyMeHTa/IbHbIe MPOSB/EHUS TaKOro KaHana pacrnaja paccmaTpuMBa/iMCb B paMKax
NpPeanonoXeHNs “HefocTatoLlled” Macchbl, T.e. AETEKTMPOBaHWSA B COBMafeHWM TOMbKO ABYX
TSOKEMbIX KOMIIMHEapPHbIX (PparMeHTOB, MMEKLWMX MeHbLUYHO CYMMapHYH Maccy, 4yem macca
NCXOAHO JensaulerocA fAgpa. J[aHHaa “HefocTtalowlad” wunv “notepsaHHas” Macca MOXeT
COOTBETCTBOBATb OAHOMY WM HECKO/IbKMM (PparMeHTam, KOTOpble BblIETAlOT MOA MasibIMu
yrnamu K ocu AeneHus U He aeTekTupytotcs. Kak npegnonaraetcs, A1 Nofo6HbIX NpoLeccos
K/IIOYEBYO PO/b UrpatoT 060/104eYHble 3¢)(heKTbl. OCHOBHbIE pe3ysibTaTbl OblV MOMYyYeHbl Ha
yctaHoBKax POBOC n MUHU-POBOC. OfHMM W3 TNaBHbLIX NPEUMYLLECTB [AETEKTOPHBIX
moaynein cnektpometpa ®OBOC aBnsSieTCS BO3MOXHOCTb HE3aBMCUMOINO M3MEpPEeHUs BEKTOpa
CKOpPOCTW, MacCbl W 3apsfa Kaxkgoud udacTvubl 6e3 npuBievyeHNs NPeArnonoXeHUn o
KMHEMaTMYeCKNX 0COBEHHOCTAX MexaH13ma peakLuuu.

Puc.12. YcTaHoBka MuHu-doboc Ha KaHane 66 Puc.13. CTapTOBbIVI NIABUHHbIA CYETUYNK
peakTOpa NBP-2. C BHY TPEHHEl MULLIEHBIO.

ccnepoBaHusi NpoAomKMIuch B J1abopaTtopum HEUTPOHHOM (IM3MKKM B COOTBETCTBUM C
pelleHnAMM paboyero cosellaHus oT 21 fgekabps 2004 r. B 2006 rogy CNeKTPOMETP MWHU-
®OBOC 6bIn ycTaHOBNEH Ha KaHale HeilTpoHoBoga 6b peaktopa MBP-2 (cm. Puc.12), u
BbIMO/IHEHA Cepus  M3MepeHWin. [ns paboTbl B HOBbIX YCMOBUSAX Oblna M3roToB/IEHA
NOAAEPKMBAOLLAA CTOMKA, pa3paboTaH CTapTOBbIM NIABUHHbIA CHETUMK C BHYTPEHHE MULLIEHbLIO
(Puc. 13). CrabunbHOCTb Habopa [aHHbIX o0becneyvBanacb KOHAMLMOHMPOBAHWEM Kak
9KCMEPUMEHTA/IbHOr0  KaHbOHa 6B, Tak U MOMeWeHNs ¢ 3MeKTPOHUKOW. B pamkax
BbILLEOMMCAHHOTO MeToda u3ydancs pacnag 2°°U”, monyueHHoro B peakumu U+ ny. Bcero
b0 HabpaHo 0KoMo 6x10° coBbITWIA, MpK 3TOM 3((EeKTUBHOCTL CMEKTPOMETpa COCTaBMMa
npumepHo 1.5%. [pedBapuTeNbHbIA  aHa/M3  yKasblBaeT Ha  CTPYKTYpbl, MOA06HbIE
06Hapy>XeHHbIM NPy 1CCef0BaHNK pacnaga saep 2>2Cf.

1.5.2 VI3MepeHme MoMHbIX 3HEPreTUUECKNX CeKTPOB Erknx 3apsiXKeHHbIX YacTHL, B
CNOHTaHHOM fenennn 2°Cf

JKCNEePUMEHT N0 WU3MEPEHUIO MOJHBLIX 3HEPTreTUUYECKUX CMEeKTPOB NIErKMX 3apsXeHHbIX
YyacTul, B CMOHTAHHOM [eNeHuu 22Cf 6bin nposefeH B naboparopun JYFL (r. KOBsickions,
PUHNAHANS). DKCNepUMeHTa/IbHas YCTaHOBKA MokasaHa Ha Puc. 14. CnoHTaHHbIA UCTOYHMK
[enenus 2°°Cf, n3roToBneHHbIl B PagveBom uHcTUTyTe (C.MeTep6ypr), UMen aKTUBHOCTL



nopsigka 500 peneHwin B cekyHAy. lloanoxka, Ha KOTOPYH Obll HaHECEH TOHKWIA CoiA
KanmgopHusa, npeactasnsna coboi onbry nm3 okucn antoMuHmnsa (Al,O3) TonwmHom 22.2 + 3.4
MKr/cM®> C HambineHnem ~10 Mkr/cM® cnos 3on0Ta. [loTepsi 3HEPIMM OCKONMKOB Mpu
nepneHAKYAPHOM MPOXOXAEHUN Yepe3 NOANTOXKKY cocTaBnana < 1.5 MaB. NoTepn aHeprum
OCKOJ/IKOB, BblNIeTAOLMX C MepefHein YacTu UCTOUHMKA Oblnn He bboblle 60 K3B. OueHoYHas
TOALWMHa cnos kanndopHusa (Cf,03) pasHseTcs 3.5 MKr/cm.

Puc. 14. 3KcnepuMeHTaNbHas yCTaHOBKA ANt M3MEPEHNS! SHEPre TUYECKNX CMEKTPOB NIErKUX
3aps>KeHHbIX YacTu,

B aKcnepvMeHTe perucTpupoBasiaCb 3HEPrUs U Bpems MNposeta JIerkon 3apsKeHHOM
4yacTuUbl, MPY 3TOM OTCYTCTBOBa/IM KakKue-nMb0 MOrN0TUTENIM HA ee NYTU K LeTeKTopy. 310
MO3BO/INIO U3MEPUTH 3SHEPreTUYECKMe CMEKTPbl C BbICOKOM TOYHOCTHHO BMIOTb [0 CaMbIX
ManeHbknx aHepruii ~0.5 MaB, 4TOo £BNSETCA CaMbiM HWU3KMM MOPOroM, Korga-nn6o
[LOCTUTHYTBIM B 3KCMEPUMEHTAX TaKoro pofa. J1erkune 3apsxeHHble YacTuLbl PerMcTpupoBasinCh
MO3aMKaMn W3 KPEMHWMEBbIX [AeTEKTOPOB, Pacro/ioXeHHbIMM Ha paccToaHun <20 cMm OT
MCTOYHMKA. B KayecTBe CTapTOBOr0 CWUrHana WCNONb30BAIUCb  OCKONKM  [eNeHus,
3apermcTpupoBaHHble ObICTpbIM MKIT AeTeKTOPOM, PacrosiodXeHHbIM MOA MPAMbIM YI/IOM K
MO3anKe KPeMHUEBbLIX AETEKTOPOB Ha PacCTOAHUM 2.5 MM OT UCTOYHMKA. [na ANCKPUMUHALLMN
OCKO/IKOB [IeNeHNs OT 6-M3BHbIX ab(a-uacTuL, OT eCTECTBEHHOM PaAMoaKTUBHOCTH 2*2CF 6bina
NMPUMEHEHA CXeMa COBMafeHUs CTapTOBbLIX CWUIHaN0OB C curHanamy ot 10 KpemMHWEeBbIX
[ETEKTOPOB, Pacno/iOXeHHbIX C NPOTMBOMO/OXHON 0T MKI1 CTOPOHbI UCTOYHUKA. eoMeTpus
3KCMepuMeHTa MOKpbIBana yrnoBon Auana3oH oT 70° go 110° BbiieTa NErkux 3apsXKeHHbIX
4acTumL, OTHOCMTE/IbHO OCKOJIKOB fiefieHNs. T.e B OCHOBHOM PErnCcTPUPOBa/INCE 3KBATOPUA/IbHbIE
yacTuubl.
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Puc. 15. SKcnepuMeHTaNlbHble 3HepreTUyeckue cnekTpbl ans *He (cnesa) 1 °He (cnpasa). [ns
*He nokasaHbl BKNafbl 0T UCTUHHBIX Q-4ACTUL, 1 0T Q-4aCTUL, 06Pa3yIOLMXCA B pesynbTaTe
pacnaga He.

Pe3ynbTaTbl M3MEPEHWUIA ANS A-4YacTUL, W ®He npefctaeneHsl Ha Puc. 15. Ha nesom
PUCYHKE HaHeCeHbl [Be KpWBble, KOTOPble MPeACTaBAAT CO60M pe3ynbTaT MOArOHKM
9KCMEePUMEHTa/IbHbIX AaHHbIX 418 3HEPruii Bbille 9 MaB ¢ y4eTOM M3BECTHOMO M3 NPeAbIAYLLNX
n3MepeHnin 17% BKnaga OT O-4acTul, 00pasytoLLMXcs B pe3ynbTaTe pacnaga HectabuibHbIX
M30TOMOB °He B TPOIHOM feneHnn. BUAHO, YTO OTKIOHEHWE (HOPMbl 3KCTIEPUMEHTANbHO
KPUBO OT [ayCCOBCKOM He MOXET ObiTb OOBACHEHO 3TON KOMMOHEHTON. [1o-BUAUMOMY,
Hanyme 3TOM0 OTK/IOHEHWA CBA3AHO CO C/IOXKHBIM  CTATUCTUYECKUM  pacrpefesnieHuem
Haya/lbHbIX  KOH(UIrypaumin — fenswieiics CUCTeMbl B MOMEHT paspbiBa ffpa. Takoe
MPeanosioKeHNe KauyeCTBEHHO MOATBEPXKAAETCA TPaeKTOpPHbIMM pacyeTamu. CrieflyeT Takxe
3aMeTUTb, UYTO W3MEPEHHbIN 3HEPreTUYecKUii CnekTp O-4aCTWL, COBMagaeT C AaHHbIMK,
nony4yeHHoiMM TuweHko B 2002 r, 0AHaKO CYLLECTBEHHO pacxouTcA ¢ AaHHbIMM JlaBnaHaa
1974 roga. MonHbIii 3HepreTMyecKkmii cnekTp Ans °He 6bin M3MepeH Brepsble B 3TO paboTe.

1.5.3 lNMoAroToBKa N3MepeHNin 3SMUCCUN MTHOBEHHbIX HEATPOHOB B HEW T POHHO-
NHOYLMPOBAHHOM [enieHun Ha ncTouHnke GELINA (IRMM, Geel, benbrus)

B HacTosilee BpemMs aKTyalbHbIM SBNSETCA MCCMefoBaHve  peakuuii “°Pu(nyes,f)
22(Nyes,f) C LiENbIO M3MEPEHNS KOPPENALMIA 3MUCCUM MIHOBEHHBIX HEiTPOHOB C MacCOBbLIMM
pacrnpe/eneHnaMN 0CKONKOB AeNeHNs B HECKObKNX HauBonee CUbHbIX Pe30HaHcaX. YumnTbiBas
BbICOKYIO  Y/AENbHYIO  anba-pagnoakTWBHOCTb  MIYTOHUS,  MPUEMIEMOE  KauyecTBO
CMeKTPOMETPUM OCKO/KOB [eNeHNst MOF0 GbiTb JOCTUIHYTO C MPUMEHEHWEM COBPEMEHHOM
TEXHUKN unpoBoii 06paboTkm curHanos (LLOC). [Ans ymeHblueHWs 3heKTa HaloXeHus
MMMYNbCOB UM3-33 €CTECTBEHHOM pPafnoaKTUBHOCTM MMULLEHel 6biN0 TaKke Heo6X0oANMO
pa3paboTaTb METOAMKY CMEeKTPOMETPUM OCKOMKOB fieNleHs C  MOMOLLBI0  TOKOBbIX
npefycUnnTeneii, KoTopble MO3BOMANM YAYULLMTL KaueCTBO CMEKTPOCKOMNM OCKOKOB AeNeHNs
B peakumm 2°Pu(nyes,f). [LN pelLeHns ykasaHHbIX 3afay B Konabopaumm ¢ coTpyaHnkamn IRMM
BMepBble Gbina paspaboTaHa YHMKanbHas MeToauka LIOC ¢ TOKOBbIMM MpefycunuTensiMu Ans
CMEKTPOMETPUM OCKOMKOB feNeHns. Bbin co34aH MaTemMaTUyeckuii annapat LgpoBoro aHamsa
MMMYNbCHBIX CUTHANOB [IETEKTOPOB SAEPHBIX YacTWL, a Takke paspaBoTaHO MpOrpamMMHOe
obecneyeHusa (MO) pna aMckpeTmsaumm u cbopa MHGopMaUMM C MOHM3ALMOHHBIX Kamep U
HelITPOHHbIX [1eTEKTOPOB. BbllleykasaHHa MeToguka M O  6biiM  anpobupoBaHbl C
ncnonb3oBaHnem 222Cf(sf) akTMBHOCTbIO 30 Kunobekepenb. Bbiav MOMyyeHbl pe3ynbTaThb,
XOPOLLO COFNacyHLLMECs C IMTePaTypHbIMI JaHHBIMU.



Takxe B Konabopaumm ¢ cotpygHukammn IRMM 6binia paspaboTtaHa MeToAMKa U3MEPEHUS
MHO>XECTBEHHOCTN HENTPOHOB [e/NIeHNs C UCNO/b30BaHWEM HENTPOHHbIX AETeKTOPOB Ha 6ase
xungkoro cumHTunnsTopa NE213, npegocTtaBneHHbIX Konabopaumeir DEMON. Bbina co3gaHa
onbnnoteka nporpamm LIOC, peanusyrowmx ¢QyHKUMM CTaHAAPTHLIX MOAyNel sAepHON
3N1IEKTPOHNKN TaKUX, Kak CMEKTPOMETPUYECKUE YCUIUTENU, OUCKPUMMUHATOPbLI CO ChefaLimm
MoporoM, aHaloro-uuMpoBoe W aHasoroBo-BpeMeHHOe npeobpasosaHne U T.4. bBbino
paspabotaHo MO fans  UMPOBBLIX ocuuanorpagos upmbl  Tektronix, MO3BONASAOLNUX
MCNONb30BaHWE WX B KauyecTBe annapaTtypbl A1 OUMU(POBLIBAHUA WMMY/bCOB [ETEKTOPOB
ANEPHbIX YACTULL.

Cathode
4 lon. chamber

Anode

Flight Path Flight Path

Puc. 16. Cxema akcrnepyMeH T albHOW YCTaHOBKM.

YcTaHOBKa pacnonaranacb Ha 8 MeTPOBOI NPOSEeTHOM 6a3e MMMYNbCHOrO HEMTPOHHOIO
ncrtoyHnka GELINA (Puc. 16). Bcero 6b1710 1CM0b30BaHO 8 HEWTPOHHBLIX aetektopa (HA)
eMKOCTbIO M0 4 NNTPa KaxKAblA. PaccTosHMe MexXay nuccnegyemoin myuweHsto n HA, coctaBuno -
0.75 M. [1Nf KaIMGPOBOYHbBIX W3MepeHWii MCronb3oBanach MuULeHb 2>>Cf(sf) akTUBHOCTbIO 30
KnUnobekepens.

[na nogasneHns ()oHa ramma KBaHTOB WCMO/b30Ba/ICS aHaIM3 (DOPMbl MMMYILCOB U
M3MepeHNe BPEMEHMN MNposieTa MrHOBEHHbIX HENTPOHOB feneHus (Puc. 17). KannbpoBouHble
M3MepeHNs NPOBOAWMINCH KaK C BK/IKOYEHWEM, TaK W C BbIK/IOYEHVEM MyyKa HEMTPOHOB OT
GELINA.
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1.6 MamMma-CneKTPOCKONUS Heli T POHHO-SAEPHbIX B3aUMOAEC T BUIA

MpofoMmKaeTCa aHaM3 U UHTEpPNpeTaumst SKCNepuUMEHTa/IbHbIX AaHHbIX ANS MI0THOCTU
YPOBHEM N paguauMoHHbIX CUMOBLIX (YHKUMIA AUMNONbHBLIX FaMMa-nepexofoB B Ananas3oHe
3HEPruM CBA3N HeWTpoHa B sAgpax M3 o6nacty macc 39<A<201. Llenb aHanmsa: a) OueHKa
BENNYMHBI U (DOPMbl 3HEPreTUYECKON 3aBUCUMOCTU KOPPENALMOHHBIX (YHKLUMIA KYNepoBCKUX
nap HyK/0HOB B Harpetom agpe; 6) aKCTpakuus NOTeHUWanbHO AOCTYMHOW WMHGopMauum o
AVHaMUKe B3aMMOJENCTBMA OObIYHON W CBEPXTEKYYeld KOMMOHEHT SAepHOM MaTepumn npwu
M3MEHEHMMN 3HEPrmn BO30YXXAeHWS a4pa BNIOTb 40 HEATPOHHbIX PE30HaHCOB.

B uacTHOCTM, BbINOMHEHA anmnpoKcMMauyMsa MNAOTHOCTU  YPOBHEN napumaibHbIMK
MNOTHOCTAMMU YPOBHEN C pas/IMyHbIM YMCMIOM KBa3nM4yacTuL, C NapameTpamu, YUUTbIBAHOLLMMU
060/104e4HbIe HEOAHOPOAHOCTY OAHOYACTUYHOIO CreKTpa.

OueHeHbl (hakTopbl, KOTOpble CreayeT Y4uTbiBaTb NPU MPELM3MOHHON annpoKcuMaumm
CYMM pafiMaLMOHHbIX CUNOBbLIX ()YHKLMIA B pa3nMyHbIX agpax.

BbINOMHEHO COMOCTaB/IEHNE PACHETHbIX U 3KCNEPUMEHTA/IbHBIX MOMHbIX FaMMa-CreKTPoB
B KobGasibTe 1 Kenese-57. OHO NPOAEMOHCTPMPOBA/IO, YTO NIOTHOCTL YPOBHEW M pagualyoHHbIe
CUNOBblE (PYHKUMK, ONpefefieHHble Mo pa3paboTaHHON B [lybHe MeToAuKe o06ecrneymBaroT
HaunyuLlee BOCMPOW3BeAeHME SKCNEPUMEHTa/IbHBIX AaHHBIX TaKOro T1na v 415 Nerkux aaep.

Mpy copelictBum [y6Hbl B XaHOe BbIMOHAETCA MOArOTOBKA K 3KCMEPUMEHTA/IbHOMY
M3MEPEHWIO BYXKBAHTOBbIX KacKafoB 3axBaTa TeMnI0BbIX HEMTPOHOB.

1.7 UNccnegosaHue peakunia (n,p) u (n,a)

Ha yckoputene 3I-5 JIH® npoBOAATCA 3KCMEPUMEHTbI MO W3MEpPEeHU0 YI10BbIX
Koppenaunii B peakuyn “*N(n,p)**C B 06nacTu aHepruii HeiitpoHos 4o 1 MaB. B kauecTse
MCTOYHIKA HEiTPOHOB MCronb3yeTces peakums 'Li(p,n)'Be. Lienb uccnefosanmii — onpegeneqme
napumasbHbIX HEUTPOHHbLIX Y MPOTOHHbIX LWMPWH PE30HAHCOB A5 CMUHOB KaHaoB j = 1/2 n 3/2
W, C MUCMOJMb30BaHMEM 3TUX AaHHbIX, OLEHKa Cnaboro mMaTpuMyHOro 3/1ieMeHTa U3 pesynbTaToB
MONAPU3ALMOHHBIX  3KCMEPUMEHTOB, MOMYYEHHbIX paHee. Tekyuwwme (npeaBapuTeSibHbIE)
3KCNepUMeHTa/IbHbIE 3HAYEHUS KOPpenauun Brnepea-Hasaz nonydyeHsl npu E, = 450, 476, 521,
557, 627, 640, 693 k3B 1 pasHbl 0.046 + 0.033, -0.029 + 0.027, -0.147 £ 0.056, -0.042 £ 0.016,
0.454 + 0.072, 0.065 £ 0.028, 0.013 £ 0.024, cooTBeTCTBEHHO (CM. Puc. 18). [locTaToyHO
BbICOKME 3HayeHWs Qg npu E, = 521 u 627 k3B Moryt O6biTb 06YCNOB/EHbI
HeCTabuNbHOCTLIO/APEN(OM 3HEPrUM HEWTPOHOB B TEUYEHMU [A/IUTENbHBIX 3KCMNO3UUMIA Npu
M3MEPEHUN B HanpaBfieHWW Briepes W Hasag. BmecTe ¢ 3TMUMKM U3MepPeHUsSIMW NPOU3BOAATCA
paboTbl MO YCOBEPLUEHCTBOBAHWIO METOAWMKW C Le/bl0 Y/YULIEHUA TOYHOCTM MONyYaeMblX
pe3ynbTaToB. OHM BKHOYAKOT B Cebsi KaK OCHALLEHMe 3KCNeprMeHTa HOBbIMU AeTEKTOpaMK, Tak
N 0oTpaboTKy npouedypbl 06pabOTKM AaHHbIX. [MPOAO/MHKAKOTCA TEOPETUYECKUe pacyeTbl U
KOMMbIOTEPHOE MOAENMPOBaHME MPOLEeCCoB.

B pamkax nporpaMMbl MO WU3YYEHWKD MEXaHW3MOB ALEPHbIX peakuuii U MonyyYeHuto
[aHHbIX 419 SAEPHOW 3HEPreTMKM Ha yckoputene 3M-4.5 VIHCTUTYTa U3NKN TSHXKENbIX NOHOB
npu MeKMHCKOM yHuBepcuTeTe, KuTaid, npoBeeHbl ccneaosaHus peakumn *Zn(n,a)®*Ni ans
HeWTPOHOB C aHepruamMm 2.6 1 4.0 MaB. VICTOYHMKOM HeiATpoHOB cryxunu peakumm T(p,n)*He
Ha Teepgoii Ti-T muwenn n D(d,n)’He Ha rasosoii feiiTepueBoii MuieHn. [omyyeHbl
9HEpreTMYecKne CreKTPbl W YrnoBble pacnpefeneHns o-4acTul, AaHHble obpabaTbiBatoTCs.
3aBepuleHa 06paboTKa [aHHbIX Npeablgywmx nusmepeHuin npu E, = 5 n 6 MaB, nonyueHsbl
3HaUYeHUs MOMHOIO 1 AUddEPeHLMANLHOTO ceverns peakummn *Zn(n,a)®Ni ans sTux aHepruii.

3aBepLuUeHa 06paboTKa AaHHbIX MO M3MepeHuto cedermii peakumm ®Li(n,o)T npu sHeprum
HelnTpoHoB 1,05, 1,54 un 2,25 Ma3aB. PaboTbl NpoBOAATCH COBMECTHO C [MeKMHCKUM
yHuBepcuteToM (Kutaid) n JTogamHcKnuM yHuepcuteTom (MonbLia).



MogroTtosneHo 060OpyLoOBaHWe [A/1F MPOBELEHUS 3KCMEPUMEHTOB C WCMOb30BaHNEM
MeTOAa BPEMEHM MNposieTa Ha WUMMY/bCHOM WCTOYHWUKE HEATPOHOB MOCKOBCKOWA MEe30HHOW
(pabpukn AN PAH B Tpouuke 1 3aTem Ha VIPEH B [ly6He.
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Puc. 18. Bepxhuii rpamk — OTHOCUTENbHbIA BbIXOA MPOTOHOB U3 peakumm “*N(n,p)*C;
HU>KHWIA rpadmK — NpeABapuTe/bHble 3HAUYEHUS KOPPEeNAaLuM Brepea-Hasag,

2. TeopeTnyecKune nccnegoBaHnsA

O6Hapy>keH 3(PeKT HEMTPOHOCTPUKLMN B HEWTPOHHBLIX 3Be3fax W paccyMTaHO ero
BNNAHWE Ha napaMeTpbl HEWTPOHHbIX 3Be3[. HeWTpPOoH-A4epHOe yMnpyroe paccesHue
XapakTepu3yeTcs, B YaCTHOCTW, KOFepeHTHOW [A/IMHOW paccesHus, KoTopas MPUBOAMT K
OMNTUYECKOMY MOTEHLMaNy B3aVMOLEWCTBUA HETPOHa Co cpefoid. MonoxuTenbHas AnmMHa — K
OTTa/IKMBAIOLLLEMY, OTpULaTeNibHas — K NpuTArusatoeMy. HenTpoH-HeMTpOHHOe paccesHue
TaKXKe XapaKTepusyeTcs KOrepeHTHOW [A/IMHOW paccesHWs, M 3Ta [JIMHA OTpuuaTebHa.
CnepoBaTenbHO,  OMNTUYECKWMIA  NOTeHUMan  BHYTPU  HEMTPOHHOM  3Be3fbl  ABNAETCA
NPUTATUBAIOLLUM L1 KXKAO0N0 HEMTPOHA, U OH CXXMMaeT (CTPUKLMA) 3Be3y B LOMOJHEHME K
rpaBuTaumMn. 3TO CXKaTWe He MPUBOAWUT K KOMMAncy 3Be3fbl, NOTOMY YTO A/IMHA PacCesHUs
YMEHbLUIAETCH C YBEe/IMYEHWEM MOTHOCTW, OAHAKO pacyeT roKasblBaeT, 4TO B/IMSAHME
HENTPOHOCTPUKLMM Ha MapameTpbl 3Be3fbl MOXET OblTb 60/blUe pensaTusu3Ma. Kpome Toro,
3aBUCMMOCTb [JIMHbI PACCEAHNSA OT MAIOTHOCTM MPUBOAUT K TakMM SIBNIEHUAM Kak Mynbcauus v
B3pbIBbl. oCnefHee BO3MOXHO NPU Pe30HAHCHON 3aBUCMMOCTM [/IMHbI PACCEAHNUSA OT 3HEPrum
HelTpoHa. PaboTa OTKPbIBAET HOBbIE NEPCMEKTUBLI B U3YUYEHUN 3BE3 U 3/IEMEHTAPHbIX YacTULL.

HalijeHO nonHoe pelleHWe 3agadn 06 OTPaKEHMM HEMTPOHOB OT cpedbl C
re/IMKOMAanbHOM HaMarHWYeHHOCTbH0. MoKa3aHo, YTO MMEeT MEeCTO Pe30HaHCHOe OTpaXKeHWe C
MepeBopoTOM cnuHa. Ha pucyHke 19 noka3aHa 3aBMCMMOCTb OT BOJIHOBOrO BEKTOpa
K KoathdpmupeHTa oTpakeHust 6Ge3 mepeBopoTa CrvHa (Cr/OWHas KpuBas) U C NepeBopoToM
(NyHKTMpHAas KpuBas) NpWM Havya/bHOM MonAapusauuy  HeWTPOHOB B HanpasneHuw,



1 MPOTVBOMONOXHOM OCK Z , KOTOpas
napannenbHa BHYTPeHHeN Hopmaun
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Puc. 19. 3aBuCMMOCTb KOah(prLMeHTa OTParkeHus oT

HYKNOHHOW nepe3apsgkn n + -
BO/THOBOI'O BEKT OpPaA. y PEsapAA P

p + n . B 4acTHOCTW, C NMOMOLLbIO
ornepatopa MepecTaHOBKM CMUHOBbIX MPOEKLMA HEATPOHA U MPOTOHA, AeTasbHO PacCMOTPEHbI
CMNHOBasA CTPYKTypa aMnAnTyAbl Nepe3apsagkmn n+p — p+n Npu HYyNeBOM yrie 1 CnMHOBas
CTPYKTypa amnauTyfbl YNpyroro paccesHus “Haszafl” HeMTpoHa Ha NpOTOHe. [lonyyeHbl
COOTHOLUEHUS  MeX[y COOTBETCTBYHOLWMMY  KO3(h(MUMEHTaMU B 3TUX  amnanTygax.
YCTaHOB/EHO, YTO A/19 NMPOLLECCOB Nepesapsakm n+p — p+n nNpu HyNeBoM yrne v ynpyroro
np- paccesHus “Hasaf” pasgesneHune augdepeHLManbHOro CeYeHUs Ha CrH-3aBUCALLYIO U He
3aBUCALLYIO OT CMMHA 4acTu MPUHUMNUAILHO pa3nMyHo . VIMEHHO B crydyae nepesapsagku npu
HyNneBOM Yrne CMWH-3aBUCALLAsA 4YacTb CEYEHUS MPOMOPLMOHa/ibHa  CEYeHW  3apsAfoBO-
0OMeHHOro passana geltpoHa n+d -

p + ( nn) B HanpaneHuu “Briepesd”. CNuH-3aBUCALLAA YacTb AaeT OCHOBHOWM BKnaf B
CeyeHue rnepesapsaaKun Npyu KNHETUYECKNX 3HEPTUAX HEUTPOHOB > 200 MeV .

BbINOMHEH pacyeT CMeKTpa OTHOCUTESIbHbIX MMMNY/bCOB [BYX KOHEYHbIX HEATPOHOB Mpu
3apa10BO-06MeHHOM pasBane felntpoHa n+d - p + ( nNn) C y4eTOM CUIbHOIO nn-
B3aVMOLENCTBUA B KOHEYHOM COCTOSHUW, WCMOMb3YSl aH/IMTUYECKUE PeLUEHNS YypaBHEHUS
LLpeanHrepa 41 S-BOMHOBOIN PYHKLMM AENTPOHA U PYHKLMN OTHOCUTENIbHOTO ABVXKEHUS ABYX
HEMNTPOHOB B MOTEHLMaNaX TMNa NPAMOYro/ibHON AMbI. MoKa3aHo, B YaCTHOCTM, YTO NpU MasibIX
OTHOCUTE/IbHBIX WMMYNbCaX BKMNah NN-B3aVMOAENCTBUA B KOHEYHOM COCTOSIHUM  CU/IbHO
npesapyeTr. C pOCTOM OTHOCUTE/IbHbIX WUMMYNbCOB HabMOAaeTca pPes3kuin cnag (yHKuum
pacnpezeneHus.

B 2006 rogy npopo/mkanocb uccnegoBaHue [ —pacnafa HeWTpoHa. [Nnd M3BfeyYeHus

XapakTepUCTUK 3M1eKTPocnabblX B3aMMOLEWCTBUIA M3 MONYNENTOHHbIX pacnagoB afpOHOB
Heo6X04MMO TOYHOE BbIYMCNEHME pafMauMOHHbLIX MOMPaBOK K 3TMM npoueccam ¢
nocnefoBate/lbHbIM YYETOM CU/IbHBIX B3aMMOLENCTBUI U CTPOEHUS aapoHoB. C 3TOW Lenbio B
2006 rogy 6binM NOMyYeHbl WM UCCNefoBaHbl TOXAECTBAa Yopha-Takaxallu, CBA3bIBaOLLME
BEpLUMHHbIE 4acTW CcnabblXx pacrnafoB afpoOHOB W  COOTBETCTBYHLIME COOCTBEHHO-
9HepreTMyeckme 4YacTu W aMnauTydbl B3aMMOLEWCTBUA afPOHOB C  3/1EKTPOCNabbiMK
(KannbpoBOYHbIMMK) NMONAMU. Pe3ynbTaTbl PaboThbl 4at0T BO3MOXHOCTb OMpefe/ieHHO 3aK/THUNTD,
B KakoW Mepe Yy4yeT CW/bHbIX B3aMMOAENCTBUI B 3/1eKTPOCNabbiX npoueccax MOXeT ObliTb
BbINO/IHEH TOYHO, 6€3 06paLLleHns K NPUOAKEHHbIM OLEHKaM.

3. MpurKnagHble N METOANYECKIME UCCNE0BaHMNS

3.1 ViccnepoBaHUss 3/1eMEHTHOr0 cocTaBa W CTPYKTYPbl MPUMNOBEPXHOCTHBIX C/OEB
TBepAblX Te/ Ha yckopuTene 3I-5

B 2006 rogy B coTpygHudyectBe ¢ WHcTUTyTOM ®PuU3mkm YMKC 6bi1v BbINOHEHbI
3KCMEPUMEHTbI MO UCCNef0BaHNIO CBONCTB GaAs MMMNIaHTMPOBAHHOIO MOHaMK In ¢ 3Hepruein
250 K3B 1 030t 3x10 cM. [1ns Toro, YTo6bI ONpeAenuTh KOIMULIMEHTbI AUDMDY3NN UHANS B
apceHunze ranina YacTb 06pasLLoB MOC/e UMMNIaHTaLMN NoABeprasiach N306apnyecKoMy OTXUTY



B aTmocthepe aproHa npu Temnepartypax 600° u 800°C B Teuenne 0,5 n 2-x yacos. 3atem,
MOBEPXHOCTb 06pasLoB MOKpbiBaiach 3awWuTHbIM crioeM Si3N4. VccrnefoBaHust rny6UHHbIX
NponIein aNeMeHTOB BbIMOHANNCL Ha ycKopuTene 3M-5 ¢ ucnonb3oBaHMem MeToankn RBS.
B pesynbTtate 6b1M OnpefeneHbl HEU3BECTHbIE paHee KoapguumeHTbl auddysum In B GaAs B
TemnepaTypHoM AnanasoHe 600-800°C. Takke McCnefoBaMch onThyeckue napametpbl (n, K)
VMNIAHTMPOBaHHbIX NoBePXHOCTEN GaAS C NOMOLLbIO 3/IMNCOMETPUYECKOW METOLUKM.

"ny6rHHbIE NpohuNN BOLOPOLA, UMMIAHTUPOBAHHOIO B KPEMHUIA Npu aHeprum 12 k3B,
OblNK UccnefoBaHbl ¢ NOMOLLBIO MeToAMKM ERD Ha 6a3e anekTpocTatuyeckoro reHeparopa 3l -
5. Mpn [ose umnnaHTaumm Bogopoja 2x10*° cm? okasanochb BO3MOXHbIM OMpefenuTb
npefenibHYr0 aTOMHYH0 KOHLEHTPaLUmio, KOTopas MOXET ObITb M3MepeHa C NOMOLLbH0 METOAMKM
ERD npu 3Heprum noHos renmd 2,332 MaB. OHa cocTtasuna 0,5 at.%. Npu fo3e umnnaHTaumn
Bogopoga 107 cM? aTOMHas KOHLEHTpaLuus BOJOPOAA B KPEMHUM — cocTaBisna 3% W
onpegensnacb A0OCTaTOMHO TOYHO. [Mpy 06pabOTKe COOTBETCTBYIOLLErO CMEKTpa MPOTOHOB
OTAayu NpoBefeHa OUeHKa MpefenibHON rnyOuHbl, JOCTUXUMOW C MOMOLLb0 MeToanku ERD
npv 3Heprm NoHos renua 2,332 MaB, oHa cocTaBnseT 2MKM.

B 2006 rogy npodo/mKanucb TakXe MeTOAMYecKue pa3paboTku. C Uenbi pasBuTUS
TEXHUKN MMMIaHTauumM Obln UCCNe0BaH MEXaHW3M  TeHepauuy MOHOB B MIa3MEeHHbIX
MCTOYHMKAX, NX IKCTPaKLMU 1 POPMUPOBAHUA MOHHbIX NYYKOB. B yacTHOCTW, AN N1asMeHHOro
MCTOYHMKA MOHOB BbINOJIHEH YMNPOLLEHHBIA aHann3 NpPoLeccoB, NPOUCXOAALLMX B MasMme, Ha
OCHOBE KOTOPOro MoslyyYeHbl aHa/IMTUYECKME BbIPXKEHWS 1 MOHHOTO TOKa U 3(h(heKTUBHOCTA
MOHHOIO UCTOYHMKA, a TAKXKE YKa3aHbl PaKTopbl, OnpesenstoLLme oba napaMeTpa.

B coTpyHU4YecTBe C DNEeKTPOTEXHUYECKUM MHCTUTYTOM CroBaukor AH npogomkanmnch
9KCNEepUMEHTbI MO UCCNeA0BaHUI0 TeMnepaTypHOW CTabUNbHOCTU CIOUCTbIX CTPYKTYpP Tuna

RuU/HfO,/Si, RUu/HfSIO/Si n Ru/HfSION/Si, ©3rotoBneHHbIXx ¢ nomowbd CMOS
(complementary  metal-oxide-semiconductor) TexHonmorun. MeToanka RBS Ha 6ase
3NIEeKTPOCTaTMYECKOro reHepatopa 3-5 Mo03BOAMNa O6GHapPYXWUTb CYLUECTBEHHYHO pasHULY

MeXZy 3TUMU CTPYKTypamu. B To Bpems Kak 13onupytoLye cnou coctaBa HFO, nokasbiatoT

cnabylo andidysnio Ha o6enx rpaHuLax yxe nocne omxura npu 800°, cTpykTypbl ¢ HfSiOy
CMoAMW  IEMOHCTPUPYIOT MOJHYHO CTabWIbHOCTL NPW 3TOW Temnepatype. A HayvasbHas
andchy3us aTUX CNOEB Hab/toaaeTca npu Temnepatype omxura 900°C. OfHaKo npy oTKure Ao
1000°C CyLlecTBEHHas Anddysns, Kak B CTOPOHY MOANOXKW, TaK 1 B CTOPOHY BHELLHEro Cos
MPOUCXOANT Y CNOEB 060MX TUMOB. ITO MUCC/Ef0BaHME MOKa3ano, YTo NpPUCyTCTBNe aTOMOB Si B
AM3NEKTPUYECKMX CNOsSX Ha OcHoBe Hf noBbiwaeT TepmoCTabunbHOCTb 3TUX C0EB, YTO
ABNAETCA cywecTBeHHbIM 419 CMOS TexHonornm.

Pa3paboTka METOAUKM «MEYEHbIX» HEMTPOHOB Ha BTOPOM KaHane 3I-5 u nepsble
pe3ynbTaTbl €€ UCMoMb30BaHUA 419 0OHAPY>KEHUS CKPbITbIX BELLEeCTB Oblav NpeacTaBneHbl B
poknage Ha XVI MexayHapo4HON KOH(epeHUMN MO 3M1eKTPOCTaTUYECKUM YCKOPUTENAM U
MYyYKOBbIM TEXHO/IOTMAM B OBHUNHCKE.

MpoBefeHO UccnefoBaHNe COLePXKaHNA TKENbIX 3IEMEHTOB B 3y6ax Ntofeil pasnMyHoro
BO3pacTa M Npogeccuid, NMPOXMBAIOLWMX B Pas/IMYHbIX YCMNOBUAX. DNEMEHTHbIA aHann3 6bin
BbINO/IHEH C MOMOLLbIO AePHO-(PU3NYECKUX aHAMMTUYeCKX meToauK PIXE n RBS.

3.2 AHaIMTUYeCKME UCCNeoBaHNA C MPUMEHEHNEM METO0Aa HEMTPOHHO-aK TUBALMOHHOIO
aHanunza (HAA) Ha peakTope NBP-2

BruomMmoHMTOPUHT

B pamkax mexayHapoLHON nporpammbl «ATMOC(EPHbIE BbINALEHUS TSXKE/bIX METasNoB
(TM) B EBpone — OLEHKM Ha OCHOBE aHasn3a MXOB-OMOMOHUTOPOB» 3aBepLUeH 6O0/bLLON LUK
paboT, CBA3aHHbIX C OAHOBPEMEHHbIM cBopom o6pasuos B 2005-2006 rr B psge panioHOB
LleHTpanbHOin Poccumn, HOxHoro Ypana, benopyccun, Bonrapuu, Cnosakuu, [lonbiu,
PyMblHMK, Cepbumn, MakenoHun, Xopeatun 1 peymmn ana npoBefeHUsi MHOMO3/1EMEHTHOIO
aKTVMBaLMOHHOIO aHanmnsa Ha peaktope VIBP-2. PesynbTatbl aHanu3a no 13 snemeHtam: Al, As,



Cd, Cr, Cu, Fe, Hg, Ni, Pb, Sb, Ti, V un Zn 6yayt nepefaHbl B EBponeickuin Atnac
aTMoCtepHbIX BbiMafeHWin TM. AHanornyHble WCcnefoBaHWs MpoBefeHbl B MoHronnm w
BbeTHame. OcoO6blii MHTepec MpeACTaBAAOT pe3y/bTaTbl aHaan3a MX0B-6MOMOHUTOPOB W3
brocdepHbIx  3anoBefHUKOB (MpMOKCKO-TeppacHOro ¥ BOPOHEXCKOro), Mony4YeHHble B
coTpyfHuyecTBe C VIHCTUTYTOM rnobanbHoro knumara v akonorum (Mocksa). IMapannensHo ¢
obpasuamy mMxa 13 3arnoBefHVWKOB MPOaHasIM3MPOBaHbl a3p030/ibHble (MUNLTPbI, YTO MO3BOMNT
YCTaHOBUTb KOPPENAUMIO MeXAy 3/eMEHTHbIM COAEPXKaHWEM B BO3LyXe U aTMOCHEPHbIX
BbINaZeHNsAX BO MXax-61MOMOHMTOpAX.

MpoBeAeHbl  MUCCNEAOBaHUA  BO3AYLUHbIX — 3arps3sHEHWA € MOMOLLLI  aKTUBHOIO
OMOMOHUTOPMHIA - 3KCNO3MLMM CyXoro mxa (moss-bags) - B ycnoBmsx ropoAckoin cpefbl B
Mo3HaHu (Monblua); baita Mapa (PymbiHus), Codumn (Bonrapms), AduHel (Mpeuns) n B y6He,
B paiioHe NosMroHa 6bITOBbIX OTXO/0B.

OLeHKa COCTOAHMSA 3KOCUCTEM

3aBepweH HAA KOMOHOK [JOHHbIX OT/IOXEHWIA, 0TOOPaHHbIX Ha Lwenbhe YepHOMOPCKOro
nobepexxbst PymbiHUMK. CoBMecTHO ¢ PUH (ByxapecT) M ByxapecTCKMM YHUBEPCUMTETOM
OyZeT cAenaHa OLeHKa PeTPOCNEKTUBHOIO 3arpsA3HEHNS 3TOT0 PernoHa.

MHoroanemeHTHbIN HAA KOMNEKLMN aspo30/ibHbIX PUIBTPOB PasHbIX NeT, MOYYeHHbIX
13 bpartucnasbl, NO3BOMNT 0XapakTepPWU30BaTb AMHAMWUKY 3arps3HeHMs aTMocqepbl CTONNULbI
CnoBakun TXKeNbIMU MeTaNIIaMK 3a nocnegHue 15 ner.

MpogomkeHa paboTa MO W3YYEeHUKO HeAeNbHbIX UWMKIOB COCTOSHMS  aTMocepsl
(3neMeHTHOro cofepXkaHns aspo30/bHbIX QunbTpoB) Benukoit Kavpckon gonuHbl (Ervner).
HoBble pe3ynbTaTbl MNOATBEPAWMAN paHee TMoJlyYyeHHble [AaHHble 0 CYLLEeCTBOBaHMM Tak
Ha3bIBAEMOI0 «3(eKTa BbIXOAHbLIX AHEN», KOTOpble B apabCKOM MUpe NPUXOAATCS Ha YeTBepr-
NATHULLY.

CoBMeCTHO C YHuepcutetoM B Onone (Monbla) BbIMOMHEHO — KOMMIEKCHOE
UccnefoBaHue MO OLEHKE COCTOSHUS OKPYXKatoLLeid cpefpbl Ha «aHOMaslbHOW TeppuTopumn» Ha
3anage [lonbliKn, XapakTepu3ytoLweicsa MOBbILEHHbIM PaAMoakTMBHLIM (DOHOM BCNeACTBUE
UepHOObINbCKON aBapunm U TeXHOreHHbIM BO3AENCTBMEM MPOMbILLIEHHOCTW. [pocnexeHa
€CTECTBEHHasa MUrpauma psaga 31eMeHTOB B MOYBEHHbLIX pa3pesax, a Takke nposefeH HAA
pacTeHui-6MOMOHMTOPOB M FPUB0B KaK akKKyMY/IATOPOB TOKCUYHbIX 3/IEMEHTOB.

Mpy yyacTun yHMBepcuTeTa «[lybHa» 13yyeHo pacnpefeneHne psaa TSHKeNbIX MeTasoB
B6/IM3KM TPAHCMOPTHBIX Pa3Ba3ok B [lyoHe n Mockse (LLLenkoBckoe v MUHCKOE Locce).

3aBeplueHa paboTa no aHanmdy 200 06pa3uoB MOYB M3 pailoHa CBUHLOBO-LIMHKOBOIO
KombuHata B MakeJoHMM W MOCTPOEHbl KapTbl pacnpefeneHnii  OCHOBHbIX 3/1EMEHTO-
TOKCUKAHTOB.

MpofyKTbl NUTaHNA 1 340POBbE YeNloBeKa

B 2006 rogy 3aBeplleH 60MbLUOA LMK paboT MO aHanvM3y MPOAYKTOB NUTaHWUA U3 C
Lle/Ibl0 OLIEHKM MOCTYMN/IEHUA MUKPO3/NIEMEHTOB B OpraHn3M YesioBeKa C MpoAyKTamy NUTaHuA
(LUeHTpanbHas Poccus) n BO3AENCTBUA BPeLHbIX NPOM3BOACTB Ha KA4YeCTBO MPOLYKTOB NUTaHMS
(PyMblHNSA).

B pamkax koopfAuHauumoHHon nporpammbl MATATO «Bo3feicTBre TOKCUYHBIX U
NMOTEHUMANLHO TOKCUMYHbLIX 3/IEMEHTOB HA D KEHLWMH PenpojyKTMBHOIO BO3pacta B
passuBatomxcsa crpaHax» (Exposure to toxic and potentially toxic elements in women of
childbearing age in developing countries) COBMeCTHO C POCCMICKUM rocyaapCTBEHHbIMU
MeAULMHCKMM  yHuBepcuTeToM (MockBa) ¥ AHAIMTUYECKUM LEHTPOM [e0n10rmyeckoro
NMHCTUTYTa PAH 6bin NpoBefeH MHOIO3MEMEHTHBIN aHann3 06pa3oB Kposu 60-u cneumansHO
nofobpaHHbIX NauneHToB. AHann3 NPoBOAMIICA C npuMeHeHnem HAA Ha peakTtopax VIBP-2 B
[y6He 1 MU®W; cBUHeL, KagMUid U PTYyTb ONPeaensnnucb MeToAoM aTOMHON abcopbLMOHHOM
cnektpomeTpun B ' MIH PAH.



BruoTexHonornu

CoBmMecTHO € WHCTUTYTOM 3k AH Tpy3Mm NOMy4YeHbl HOBble pe3ynbTaTbl MO
onpefieNieHN0 XpoMa B OakTepuanbHbIX 06pa3uax Arthrobacter oxidans. 3Tn 6akTepun,
BblAeNAeMble M3 MPUPOAHBIX 6a3aibTOB, MOTYT UCMOMb30BATLCA A1 U3MEHEHWUSA BAIEHTHOCTYU
Xpoma (nepeBog TokcnuHoro Cr-VI B HeTokcuuHyto dopmy Cr-111), yTo npeactaBnsieT 60/bLUON
Hay4HO-NPaKTUYECKUA WHTepec. ITW pe3ynbTaTbl, OMy6/MKOBaHHbIE B XXypHaite Analytical
Chemistry (CLUA) nonyuunnm BbICOKYHO OLEHKY crieynanmctoB MATATO.

Apxeonorus

B pamkax coTpygHuuyecmsa ¢ YHuBepcuteToM B CKomnbe 1 My3es cTopumn 1 apxeonorum
MakefOHUN BbINOMIHEH aHaIN3 KepamuvK pUTyasibHbIX COCYZO0B (amdgop) M COCKOBOB C MX
BHYTPEHHEN NoBepXHOCTU. Pe3ynbTaTbl aHanM3a NO3BONAAT NPUHATL UAN OTBEPrHYTH FMNOTE3y O
COAEPXKMMOM 3TUX aMdop.

HoBble MaTepuanbl
MposegeH HAA pybuanin-cogepxalumx COeaUHEHWNIA, UCMOMb3YEMbIX B 3KCMNEpUMEHTax
H3O®KC rno peHTreHOBCKOW M HEUTPOHHON Antpakumm.

YuebHbIli npoLiecc

Ha 6a3e yctaHoBku PEFCATA B pagvoaHaiMTuyeckon naboparopum Ha WVIBP-2 B 2006
rogy nposoguncs TpakTUKyM NS CTY[EeHTOB CTaplunxX KypcoB YHusepcuteTa «[ybHa»
MexayHapogHbix LLkon, opraHmnsyembix YHL, OMAW. 3a oTyeTHbIN neprof Ha 6a3e cekTopa
HAA 6b111 BbINONHEHbI 2 6akanaBpCKUX 1 5 marnctepckux pabot. B 2006 rogy 3aliuiieHbl 2
KaHAMAaTCKMe auccepTauumn no Mmartepuanam, nonyyeHHbIM B cektope HAA.

OpraHu3auns coBeLLaHNin
B 2006 rogy Benacb noarotoBka B MexayHapogHoMy cosellaHunio  Komuccumn
opraHu3auuy 06beAMHeHHbIX Hauuii “The 20" Task Force Meeting of the UNECE ICP
Vegetation and Long-Range Atmospheric Transport of Pollutants”, koTopoe 6yaeT NpoxoanTb B
[y6He B MapTe 2007 roja.



	annrep-1036-06-en3.pdf
	1.3.1 Works in the framework of investigation of the UCN interaction with the surface 
	Biomonitoring
	Ecological assessment
	Foodstuffs and human health
	Biotechnologies
	Archeology
	New materials
	Educational process


	annrep-1036-06.pdf
	1.3.1 Работы в рамках исследования взаимодействия УХН с поверхностью
	Биомониторинг
	Оценка состояния экосистем
	Продукты питания и здоровье человека
	Биотехнологии
	Археология
	Новые материалы
	Учебный процесс



