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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 CoH;, 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 MK 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; \MxCoOs 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 CoOg. As a result, the Co’” ion may be in three different spin
states: low-spin (LS, ta.’e,"), intermediate (IS, ty, e,') and high-spin (HS, t,'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 PrysSrosCoOs 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 (77 = 120 K and 7> = 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 RMnO; (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 37%/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 37°/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 37%/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,o)’H.

Within the collaboration Jyvéskyld-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 >**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

Bamemy BHuMaHMIO mpeyiaraercsi OTY€T O HaydyHoM pedrenbHocTd JlabopaTopuu
HeiftponHoi pusuku um. .M. @panka 3a 2006 roa. B nepBoii yactu nmpeacTaBieH KpaTKuii 0030p
9KCIIEPUMEHTAJIBHBIX U TEOPETHUUECKUX PE3yJbTaTOB HUCCIEN0BAHUM, TOCTUTHYTHIX MO OCHOBHBIM
Hay4YHbIM HalpaBleHUSAM — (U3UKE KOHICHCUPOBAHHBIX Cpell, HEHTPOHHOW sepHON ¢u3uke u
MPUKIAJAHBIM HCCIEOBaHUAM. BTopas yacTh BKIIOUaeT OTUETHI O paboTe UMITYJIbCHOTO PEeaKkTopa
WUBP-2 u peammzauuu mnpoekta MPEH. Tperbst wacTe mocsimieHa pa3paboTKe W CO3AAHUIO
9JIEMEHTOB HEWUTPOHHBIX CIIEKTPOMETPOB JUIsl HCCIEJOBAaHMM KOHAEHCHUPOBAaHHBIX cpen. B
4eTBEPTOM 4YaCTH IMPEACTaBIECHbl 3KCIIEPUMEHTAIbHBIE OTYEThI, KOTOpble Oojiee MOAPOOHO
OCBEIIAI0T OCHOBHBIE HANPABJICHUs UCCIIEeOBaHU. 3aBepiiaeT oTuéT cnucok myonukanuii 3a 2006
roJ.

B 2006 r. peakrop MBP-2 otpaboTtan Ha ¢usznyeckuid 3KcnepuMeHT ~ 2250 yacos.
OcHoBHBIE pe3yabTathl o MoaepHu3auu UbP-2 B 2006 r.:

I'naBHas 3amaya roga — M3roroBjeHHMe TemoBbiAeaswomux coopoxk (TBC) nns
peaktopa UBP-2M. B urone 2006 r. 6puta noydena nureH3us: Ha uzrorosienue TBC B OUSMN, a
12.07.2006 r. cobpana nepBass TBC B nmpucytcTBuu crienuaibHoi komuccuu. 16.11.2006 r. pabora
ObLa 3aBepiieHa: nu3rorosieHo 89 TBC, uro obecnieunBaeT CTapTOBYIO 3arpy3Ky HOBOTO peakTopa

(63 TBC) u 3anac Ha Beiropanue okoiio 40 %.

B OnbiTHoM npou3BoacTee (OI) OUAUN. 3aBepiieHO M3rOTOBJICHHE OTKATHBIX 3aIIUT,
MpOBeJIeHa MX KOHTPOJIbHAsi cOOpKa U UCTIBITaHUS; MI3rOTOBIIEHBI OpraHbl PEryJIUPOBaHUS peakTopa
(6;10KM aBapUITHOM 3aIIUTHI, KOMIIEHCUPYIOIIUE PETYISATOPHI, pyYHOH PEryysrop).

ABTOMATH3MPOBaHHAsA cucTeMa ynpajeHus 3amutbl (ACY3) UBP-2M. 3asepiien
onbITHEIN 00pazery ACY3 (CHUUIT-CUCTEMATOM), npoBoAsTCSt €ro UCHBITAHHUS HA PEAKTOPE
NBP-2. B CHUUII-CUCTEMATOM Hnauatsl pabotsl no mratHo ACY3, BKItouasi HOBBIM MyJIbT
ynpasinenus. B MHcturyte snexTpoHHBIX ynpaBmsitomux MamuH (MHOVYM) nponomxanuch
paboThl MO CO3JaHUIO0 CHCTEMbl KOHTPOJS TexHojormdeckux mnapamerpos. B OIl OUAU
M3TOTOBJICH OMBITHBIN oOpasen mpuBona kommeHcupytomero oprana (KO), Bemercs padorta Hajg

OTIBITHBIM 00PA3II0M MPUBOJA ABAPHIHOM 3aIUTHI.

Komnueke 3amenyureneid UbBP-2M. B nexabpe 2006 r. 3aBepmiensl: nzrorosienune KI'Y-
700/15 B «I'enuiimaiiie»; TeXHUUYECKHI MPOEKT COOCTBEHHO 3aMenuTeNe i 3-X HampaBlICHUH:
2-3 nyuku, 4-6 myuku, 7-11 myukun (HUKHWIT); nmpoext texHonoruueckoi wactu (I'CIIN);
pabounii MPOEKT KPUOTEHHBIX TPYOOIIPOBOOB U MPOMEKYTOUHBIX TEII00OMEeHHUKOB (I enmiimarr).

B JIH® BbINOTHEHBI pacueTHBIE U SKCIIEPUMEHTATBHBIE PAOOTHI IO TPAHCIIOPTUPOBKE IIAPUKOB U3



3aMoposkeHHoro mesutuieHa CoHjs, pa3spaboTaHa KOHCTPYKTOpPCKas JOKyMEHTAalUsl HA T€HepaTop

HIapUuKOB.

IIporpamma paGotr Ha peaktope UBP-2 B pe:xkume BpemeHHoro ocranosa (2007-2010
roabi»). Pazpaborana, corinacoBana u yTBepkaeHa mporpamma padot Ha MBP-2, a Taxke rpaduk

pabot o monepHuzanuu MBP-2 B nepuoa BpeMEHHOT0 OCTaHOBA.

[TpoextT MPEH. I'maBHpIMu 3amadamu JlaGoparopuun HeirponHoi ¢usuku u Jlaboparopuu
¢u3uku yactury B 2006 romy SBISIOCH 3aBeplieHHE aeMoHTaxa peaktopa MBP-30 m moHTax
uMeroIerocs: 000pyaoBanus neppoit ouepean yckopurens JIYI-200.

BoiBoa u3 sxcmiryatanun UBP-30. B cooTBeTcTBUU ¢ YyTBEPKACHHBIM INIAHOM-Tpadukom
BBIBOJIa U3 3KCIUTyaTalluy, ObUIM BBITIOJIHEHBI CIeAyIoUIe padoThl: IOArOTOBIIEH U MPEICTABIEH B
rocrexHag3op P® «Otyer mo OIEHKE COCTOSIHUS SACPHOW M paguallMOHHOW OE30MacHOCTH
HUMITYyJIbCHOTO HcchenoBarenbckoro peakropa (MUP) MBP-30 B 2006 romy; AEMOHTHPOBAHO H
TPaHCHOPTUPOBaHO B 31aHue 117/6 Bce oOopynoBaHMEe M3 3ajla peakTopa 3a HCKIIOYCHHEM
mHUOEPOB MyYKOB, KOTOpBIE OyIyT MCIONB30BaHbI s nepBoi ouepenu MPEH; ocBoOoxeHbI Bce
CMEKHBIE C 3aJI0M PeaKTOpa MOMEIIEHUS 31aHus 43; MPOBENEHA 1e3aKTUBALMUA U MOArOTOBKA 3aJla
peakTopa K peMOHTY.

Padorel mo yckopuremo JIYI-200. 3aBepumieHO TEOpETHUECKOE 000CHOBaHUE
BO3MOXKHOCTH IOJIyYE€HHUS HYXKHBIX MapaMeTpPOB IydKa AJIEKTPOHOB B 1-0i ouyepenu yCKOpUTEIS.
CMOHTHpOBaH Ha IITAaTHOM MeCT€ M HajaxeH MomaynsTop kiauctpoHa MKI. CMmoHTHpoBaH Ha
LITATHOM MECTE MOAYJIATOP U UMITYJIbCHBIA TpaHchopMaTop i1l 3JeKTpoHHOH mymiku. [IpoBenena
KOHTpoJbHast coopka CBY-TpakTa mepBoil cekiuu. YKOMIUIEKTOBaHA CTOMKAa MNHUTaHUS CHCTEMBI
BaKyyMHBIX HacocoB mepBoi cekmuu JIYD-200. [IpoBenena konTponbHas cOopka. [IpousseneHa
KOHTpOJIbHAsE cOOpKa U MacmopTU3alus KaTylIKW rpynnuposarens. B 3manum 43 npousBeneH
MOHTaX C I'e0Ie3MUECKON MPUBSI3KOM (POKYCHPYIOLIET0 COJIEHOUa MEPBON YCKOPSIIOIIEH CEeKIHH.
CMOHTHpOBaHa Ha INTAaTHOM MeECTE JJIEKTpOHHas mymka. Jlo KoHma roga OyneT 3aBeplieHa
MIPOKJIAJIKa TPAcChl BOJOCHAOKEHUSI JUIsl CUCTEMbI BOJOOXJIAXACHNUI U TepMocTadbunuzanuu JIYO-
200.

Ha welitponnsix cnexkrpomerpax WBP-2 BbINONHEH psAll SKCIIEPUMEHTOB IO aKTyalbHbIM
Hay4YHbIM HaIlpaBJICHUSIM.

Benen 3a clioKHBIMH OKCHJAaMH Maprasia (MaHraHMTaMHu), OCHOBHOM OCOOEHHOCTBIO
KOTOPBIX fABIsAETCS 3(P(EKT KOIOCCATBbHOIO MAarHUTHOIO COINpPOTHBIICHUS, pacTyIlUd HHTEpec
NPOSIBIISIETCS. K CIOXHBIM OKcugaMm KoOanbra (koOamptutam) Ttuma Ln;MxCoO;, rae Ln —
JaHTaHUI, M — [IeN0YHO3eMeNbHbIN 31eMeHT. C HayyHON TOYKH 3pEHHs] KOOATIbTUTHI HHTEPECHBI

CUJIbHBIMU KOPpPCIIOUAMU MCKAY PCHICTOYHBIMU, 3apiAA0BbIMH, CIIMHOBLIMU H Op6I/ITaJ'II)HI)IMI/I



cTeneHsiMu cBoOoAbl. OKcHIbl KOOalbTa Ba)KHbI JUIsl IPAKTUKU B CBSA3HM C MX HCIIOJIb30BAHUEM B
Ka4yecTBE IEKTPOJAOB B HCTOYHHMKAX ToKa. OcoOEHHOCTH (a30BbIX NEPEXOAO0B B KOOAIbTUTaX
CBSi3aHbl C HapylleHHeM OallaHca MeXJIy BHYTPUATOMHOW »Heprueil XyHJa M SHeprueu
KPUCTAJUNTMYECKOTO MOJIs, CBA3aHHON ¢ KoH(urypamuei okrasapo CoOs. B pesynbrare, non Co™"
MOXXET HaxOJIUThCS B TPEX pa3HbIX CIHMHOBBIX COCTOSHHUAX: HHU3KocnuHOBOM (LS, tzgéego),
npomexxyToaroM (IS, tzgs egl) BbICOKOCTTHHOBOM (HS, t2g4eg2).

Ha peaktope WDBP-2 mnpoBeneHbl uccaeAOBaHUS AaTOMHOM M MAarHUTHOM CTPYKTYpBI
KOOaJbTUTOB, B TOM YMCJIE INpPHU BBICOKMX BHEIIHUX JaBieHusx. Ha mudpakromerpe DJIBP
n3yuascs coctaB Prj sSrgsCo0Os, B KOTOpoM paHee HaOII01aTuCh HECKOJIbKO MarHUTO-CTPYKTYPHBIX
¢da3oBbIXx nepexonoB. JlMQpakIUMOHHBIE CHEKTPbl OBLIM H3MEPEHbl B IIUPOKOM JHaNa3oHe
temneparyp (10 — 780 K), B ocHOBHOM B pexume HarpeBa oOpasma. B srom nuamazone
obOHapyxeHbl 1Ba ¢a3oBbix nepexona (77 =~ 120 K u 7, = 300 K), B x0/1e¢ KOTOPBIX HU3MEHSIOTCS
MarHuTHas W  KpUCTAJUIMYECKass CTPYKTypel oOpasua. Ilpu HarpeBaHuM  CHMMETpPHUS
MOCJIEIOBATEIILHO TMOBBIMIACTCS OT TPUKIMHHON 10 POMOMYECKOW M 3aT€M 10 POMOO3IPUYCCKOM.
[Tepexonapl cuinbHO pa3MbIThl 10 Temneparype a mexay 120 K u 300 K ¢a3sl cocymiecTByroT.
MarautHble U3MEpPEHHs MOATBEPKAAIOT, UTO CTPYKTYpHBIM mnepexox mnpu 300 K coBnamaer c
deppomarauTHoii Toukoi Kropu. Ilpupoma marmmrHoro mepexoma mpu 120 K moka ocraercs
HEU3BECTHOM.

Ha mudpaxromerpe [AH-12 mpoBeneHo wucciaeqoBaHUE KPHUCTALIMYECKOH M MarHUTHOU
CTPYKTYpPBbI I'€KCAaroHaJbHBIX (PpycTpupoBaHHBIX MaHraHuToB RMnO; (R=Y, Lu) mpu BbICOKHX
naBineHusax 1o 6 I'Tla. IlodyueHHbIE SKCIEpUMEHTAJIBHBIE JaHHBIE, BMECTE C pe3yJbTaTaMH
MpEeNbIIYIIMX HCCIAEAOBAHUN JIPYTUX TIE€KCaroHaJbHbIX MAaHIAaHWTOB, ITO3BOJIMJIM YCTaHOBUTH
B3aUMOCBS3b MEXKIYy CHUMMETpUE TpeyrojbHOro AP®M coOCTOSIHUSA C mapaMeTpoM HCKaKEHUs
TPEyTOJIbHON pelIeTky s, o0pazoBaHHOl aromamMu Mn u O. IlonydeHHast 06001IeHHAs MarHUTHas
¢da3oBast quarpaMma I03BOJISICT OOBSCHUTH HAONIONAEMble M3MEHEHUS CUMMETPHUH MAarHUTHOTO
COCTOSIHMSI NpU XMMHYECKOM 3aMelleHHd (M3MEHEHMH MOHHOro paauyca R osnemeHTta) u
IIPWJIOKEHNUHU BBICOKOTO JABJICHUSA 33 CYET BAPUALIVH .

OHIyIAMOHHBIE CHIIBI JIMOUAHBIX MeMOpaH. MeMOpaHbl OTHOCATCSI K TaK Ha3bIBAEMbIM
CllydyailHbIM ~ (QIYKTYHPYIOLIUM TIOBEPXHOCTSIM, K KOTOPBIM TNPUHAUICKHUT I[IUPOKUH Kiacc
00BEKTOB: OT OMOMEMOpaH 0 CTPYH B COBPEMEHHOW TEOPHUHM TIOJIs, MBITAIOIICHCS OMHUCHIBATH C
€MHON TOYKU 3pEHHUs BCE (PyHIAMEHTAJIbHBIE B3aUMOJAECUCTBUSA. DTO SBISETCS OJHOM U3 MPUYUH
BHUMAaHMs COBPEMEHHOH TeopeTHueckoi (u3uku k OnomMeMOpaHaMm M, B YaCTHOCTH, K JIMIIHIHBIM
MeMOpaHaM. 3HAYUTEIbHBIM pPE3yJIbTaTOM CTATUCTUYECKOM (DM3MKM CIy4YalHBIX MOBEpXHOCTEH
6but0 ycraHoBieHHue B 1978 roay B. Xenbdpuxom 3akoHa M OLlEHKA YHMBEPCAIbHONM KOHCTAHTHI

. 2
B3aUMOJEHCTBUS TakuX OOBEKTOB. Ero oneHka mama 3HadeHHe KOHCTAHTBHI 3m/128. OTMeuas



3HAYUMOCTD IOJIyYEHHOT'O PEe3yJIbTaTa, MOKHO CKa3aTbh, YTO TOT 3aKOH HUIPAET TaKylo K€ poJib B
¢bu3nke cirydyaiiHbIX TOBEPXHOCTEH, KaK M 3aKOH MJICAJIbHOTO Ia3a B (PU3MKE TOYEUHBIX YyacTUll. B
1986-89 romax C. Caduubs M Ip., UCHONB3Yd aHaIu3 (GOpMblI AUPPAKIUOHHBIX IHKOB OT
MYJIBTHCIOWHBIX aM(UUIBHBIX MYJIBTHCIOEB, U3MEPEHHBIX Ha PEHI€HOBCKHUX IU(pPAKTOMETpax
BBICOKOT'O  Pa3pelIeHHs] Ha CHHXPOTPOHHBIX HCTOYHHUKAX PEHTI€HOBCKOTO  M3JIy4EHHS,
UHTEPIIPETUPOBAIA ~ PE3YJIBTaThl  CBOMX  JKCIIEPUMEHTOB  KAK  IIOJHOE  KOJIMYECTBEHHOE
MIOATBEPXKICHUE DPE3YJbTaTOB TEOPUU OHAYJSLMOHHBIX CHJI, BKJIIOYas 3aBUCHUMOCTb CHJIBI OT
paccTosiHUsA U KOHCTAHTY 37%/128. D10 6BLIO TpuyMpoM koHuenuuu B. Xensppuxa. Ho kak
MOKa3aJI0 JajibHeilee pa3BUTHE UCCIEAOBAHUM B ATOH 00jacTH, 3TO ObLI BPEMEHHBIH TpUyMd.
Heckonpko Tpyrmi, B TOM uucie (pU3MKH-TEOPETUKH, padoTaronire B 00JacTH KBAaHTOBOM Teopuu
I0JI, HE3aBUCHMO JpYr OT JApyra M MCIONb3Yysl Pa3iIU4HbIE TEOPETUYECKUE METOABI, CYMENIH
IIOJIyYUTh TOYHOE 3HAYECHHE YHUBEPCAJIbHOM KOHCTAHTBHI 3THX B3auMoAeUcTBUM. X pe3ysbrarbl
COBMAJM, HO TMIOJYYEHHOE 3HA4YCHHE, ONHM3KOoe K 3n2/256, B JBa pa3a OTJIMYaeTCI  OT
9KCIIEPUMEHTAJIBLHOTO 3HaueHus. Takoe NPOTUBOpPEUYHE TEOPETUUYECKHX M SKCIEPUMEHTAIbHBIX
pPe3yIbTATOB TOJYYHJIO Ha3BaHUE ‘‘3araJiodyHoro” M (HaKTUYECKH O3HAuYajao TIyOOKH KPHU3HC B
naHHoOW obOnactu. B pabote, BbimonHeHHoM ¢ yuyactueMm ¢usukoB JIH®, Obin pa3BUTHI HOBBIE
MOJIXO/BI JJIsl UCCIIEIOBAaHUS MEXMEMOpPaHHBIX B3aUMOACWCTBUI U ONpe/eeHns] YHUBEpCATbHON
KOHCTaHTbl, OCHOBAaHHbIE Ha HCCIEJOBAaHUM TEMIEPATypHOM 3aBUCHMOCTH MEXMEMOpaHHbIX
B3aMMOJCHCTBUI C IOMOIIBI0 KOMIUIEMEHTAPHOI'O HCIOJb30BaHUSA MAJOYIJI0OBOIO PACCEAHUA
TEIJIOBBIX HEWTPOHOB M AM(MPAKIMM BBICOKOTO pa3pelleHHs Ha CHHXPOTPOHHOM HCTOYHUKE. B
YACTHOCTH, MONYYEHO 3HAYCHHE KOHCTAHTHI B3aHMOJCHCTBHS paBHOE 37°/256, COBIAAIONIEE C
TEOPETUYECKH IpeicKazaHHbIM. [Ioka3aHO TakXke, 4YTO Mepexo]] OT MYJIbTUCIOWHBIX K OJUHOUYHBIM
MeMOpaHaM TPOUCXOAUT B COOTBETCTBHM C TEOPETHUECKH MPEICKa3aHHOH MOJIENbI0 JIBYX
cocrosiHuil. Kpome Toro, BnepBble MMOKa3aHO, KAKOBAa UCTUHHAs BEIMYMHA OHIYJSLUOHHBIX CUI -
OHM JICHCTBHUTEIILHO BHOCST 3HAYUTEIBHBIA BKJIQJ B OaJlaHC MEKMEMOpaHHBIX B3aUMOJCHCTBUH W,

GoJlee TOro, 3TH CHITbI CTAHOBSATCS JOMHHUPYIOIIMMH Ha PAcCCTOSHUAX Oombie 20 A.

B 2006 r. ObuT BBIMOMHEH psAJ padOT U IMOMyYeHBI WHTEPECHBIE PE3yJIbTaThl B OOJIACTH
sanepHOi (U3UKH. By 3aBepIIeHbl pabOTHI IO U3TOTOBJICHHUIO MOJIHOMACIITAOHON YCTAaHOBKH IS
U3MEPEHHUS CEUCHHS pacCcesiHusa HEUTPOHA Ha HeUTpoHe Ha peakTope AI'Y AP. BrinosiHEHbI niepBbIe
KaTMOpOBOYHBIC U3MEPEHUSI HA MHEPTHBIX ra3ax ¢ XOPOIIO U3BECTHBIM CEUCHUEM.

OO0OpaboTaHbl SKCIIEPUMEHTATbHBIC JAHHBIE OSKCIIEPUMEHTA [0 HAOIOICHUI0 W3MEHEHUS
SHEPruM HEUTpOHA MPU MPOXOXKIECHUU YEPE3 YCKOPEHHOE BEIIECTBO, IPOBEJECHHOIO HA PEAaKTOpe
WJIJI  (I'peno6nb). CymectBoBanue »dd@dexra cienyeT W3 COPaBeAIMBOCTH  ITPHUHIUIA

SKBHUBAJICHTHOCTH U ACTAJIbHBIX HeﬁTpOHHO-OHTquCKHX pacucToB. N3MeHeHune SHEpIruun HeﬁTpOHa,



3apErHCTPUPOBAHHOE B OIBITE COCTABIISUIO BEMMUHHY mopsiaka 2x 107" sBuro sBisiercst peKopaHbIM
10 YpOBHIO TOyHOCTU Ha cerojHs. Ha myuke H8 mmmynbcHoro nelirponHoro ncrounnka KENS
(KEK, SImonus) mpoBeleH SKCIEPUMEHT, IEIbI0 KOTOPOTO SBISIach NpoBepka d(h(eKTHBHOCTH
YIPaBJICHUS MOJSIpU3ALUEN TEIJIOBBIX U SMUTEIUIOBBIX HEMTPOHOB € IMOMOIIBIO PAagUO4YaCTOTHOTO
nons. [lonspuzanusi HEUTPOHOB M AHAINU3 UX MOJSPU3ALUU OCYIIECTBISUINCh YCTPOMCTBAMM Ha
OCHOBE TOJIAPU30BAHHOTO ’He ¢ onTuueckoii HAKa4yKo#, cozmaHHbiMU Kosadoparuein KEK-JIHO
OUSUN B 2003-2005 rr. PesynabTaThl SKCIEPUMEHTA XOPOIIIO COTIACYIOTCS ¢ pacyeTaMH U MOKa3ain
BBICOKYIO  3(PGEKTHBHOCTh TPEMIOKEHHOr0 MeTona. Pa3paboranHas wMeTonumka  Oyner
WCIIOJIb30BaHa ISl YIPABJICHUS HEUTPOHHOM MOJsIpU3alUell B SKCIEPUMEHTE IO mpoBepke T-
MHBapUaHTHOCTH BO B3aUMOJACHCTBUU IMOJIIPU30BAHHBIX HEUTPOHOB C MOJISIPU30BAHHBIMU SPAMH,
MOCTAaHOBKA KOTOPOTO TUTAHUPYETCS Ha cTposimemcs uctounuke JSNS. B pamkax skcnepruMeHTOB
10 TOUCKY HEUTPaIbHBIX TOKOB B HYKJIOH-HYKJIOHHBIX B3aMMOJECHCTBUIX U ONpPEAEICHUIO CIadoii
T-ME30HHOW KOHCTaHTHI CBs3u B koyaboparuu ¢ [MUAD, NI u TY MronxeHa mpoBeacH
«HYJEBOW» OSKCIEPUMEHT IO OmpeAeneHUu0 (OHOBOM acUMMETPHUM Ha IyYKe XOJOJHBIX
nonsipuzoBaHHbIX HeWTpoHoB PF1B (MJIJI, I'penoOmnb) 1 uukia u3MepeHuil P-nederHoi
acummerpun B peaxiin °Li(n,o) H.

B komnabopamuu OBsickrons-lapminrant-/lyona-I'atunna B JYFL (Ounnsuaus) Oblia
MIPOBEJIEHA CEpHsl AKCIEPUMEHTOB [0 M3YUYEHHUIO JIEJEHHUS C HCIOJIb30BAHUEM JIBYX MO3auK
MIOJIYIIPOBOTHUKOBBIX JETEKTOPOB. B mepBOM 3KCIIEpPUMEHTE MCCIEAOBAINCH YIVIOBBIE U MaCcCOBO-
DHEPreTUYECKUE KOPPEISLUU OCKOJIKOB JCICHUSA B PEAKLHUU 20U + ‘He (40 M»B). VYriosoe
paspelieHre yCTaHOBKHM TO3BOJISIIO BECTH MPSAMOM TOMCK COOBITHH TPOWHOTO KOJUIMHEAPHOTO
pacnama. beur obOHapyxkeH psx d(QQekToB, KOTOpbIE MOTYT JaBaTh KOCBEHHOE YKa3aHHE Ha
CYILIECTBOBAaHME OJK30THMUECKMX MOJ JeneHus. Bo BTOpoM »skcrnepuMeHTe OBLJIO MPOBEACHO
TIPELU3HOHHOE M3MEPEHHE SHEPreTHUECKNX PACTIPEACICHAH ai-aacTrIl i sep *He, HCIyCKaeMbiX B
MpOIECCEe TPOMHOIO CIOHTAHHOTO JAEJICHUS 22t HabGmronanochk cymiecTBEHHOE OTKIOHEHHUE
cnekTpoB oT ["ayccoBckoil pOpMBI B HU3KOIHEPTeTUUECKOW 00IacTH.

B pamkax corpyanundectBa ¢ MUKW PAH cnenuanucramu JIH® u JIPB 6butn npoBeneHbl
pacdeTrel  yriioBoi  3aBucumoctH  dddekTmBHOCTH  maboparopHoro  mpubopa  JIEH],
MpeIHa3HAYeHHOTo JUIs aHaiu3a HEWTPOHHOTO u3iIydeHus Ha opobute JlyHel B cocTaBe
opouransHoro anmapatra HACA Lunar Reconnaissance Orbiter 2008. bbutun Takxke mpoBereHb
HKCIEPUMEHTAIbHbIE KaJTMOPOBKH J1a00paTOPHOTO MPOTOTUIA ITpHOOpa.

B pamkax mexIyHaponHOH mporpammbl «ATMoOc(epHbIe BBINAACHUS TSKENbIX METaNIOB
(TM) B EBporie — oIleHKM Ha OCHOBE aHaju3a MXOB-OMOMOHHUTOPOB)» 3aBEPIICH OOBIION UK
paboT, CBS3aHHBIX C OJHOBpEeMEHHBIM cOopom oOpasioB B 2005-2006 rr B psnge paiioHOB

HentpansHoit Poccuu, KOxnoro Ypana, benopyccun, bonrapun, CnoBakuu, [lonbiiu, Pymbinumy,



Cepbun, Makenonuu, Xopsatuu U ['pennn ajas NpoBeAeHNsS MHOTO3JIEMEHTHOIO aKTUBALIMOHHOTO
aHanu3a Ha peaktope MBP-2. PesynpraTer ananuza mo 13 snementam: Al, As, Cd, Cr, Cu, Fe, Hg,
Ni, Pb, Sb, Ti, V u Zn Oynyt nepenansl B EBponeiickuii Atiac atMocgepHbIx BbimageHuii TM.
AHasoruuHble HCCIeNOBaHUS TMpoBeZeHbl B Monroauun u  Bwername. OcoOblif  uHTEpec
MPEJCTABISAIOT pPE3yJNbTaThl aHATW3a MXOB-OMOMOHHTOPOB U3 OHOC(EpHBIX 3aNOBETHHKOB
(ITpuokcko-TeppacHoro u BopoHEXcKOro), TOJy4YeHHBIE B COTpyIHHUYECTBE ¢ MHCTUTYyTOM
I00aNBHOTO KMMaTa M 3kosioruu (MockBa).

B 3axitoueHre MOKHO OTMETUTH, YTO HAOIIOAAETCs pOCT UHTepeca cTpaH-yyacTHul OSSN
K paboraM B 00JaCTH HEHTPOHHBIX HCCIICIOBaHWK. BakHO, YTO B TOCICAHHE TOABI B
JlaGoparopuio MPHUILIO JOBOJLHO MHOTO MojonexHu. Bce 3Tu ¢akThl MOATBEPkKAAOT, YTO
JlaGoparopus TPOAOHKAET YCMNEUIHO W JWHAMUYHO pPAa3BUBATHCS, MPOBOJS HCCIEAOBAHUSA B

uHTepecax crpan-ydactuy OMAN.

04.04.2007 A.B. beaywikun
Jupexmop



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; \MxCoOs 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 CoOs. As a result, the Co’" ion may be in three
different spin states: low-spin (LS, ta.’e,"), intermediate (IS, tag e, ) and high-spin (HS, ts.'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 PrysSrosCoO; 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 (7] = 120 K
and 7> = 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 RMnOs (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 RMnQOj; and schematic representation of AFM
structures of the symmetry I'y and ['1+1 5.

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 (C;7H33COOH) in deuterated benzene (C¢Dg)
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.
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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 fy =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¢, 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%0.7,6.=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
(Ih, 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-f 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-f transition in quartz and the nature of the internal friction
peak at 350°C.
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Fig. 6. Comparisons of the Ge.,(v) spectra of crystalline (Cr-2 and Cr-3) and orientational glass
(OG) solid phases of 2,3-dimethylbutane with the G.u(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 C¢H;4. 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(CH3),,
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,®) 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 S~ 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(g) deviation from the Debye dependence is the presence of low-
energy excitation mode. At the transition from 3 to o 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 37*/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 3mw*/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 37%/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.I.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 37%/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 7 (derived
from the analysis of diffraction data) on the structural parameters of membranes (membrane
thickness dj, 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 «KNORD-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 um 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(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)-10" 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

AE ~ wd L™

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

1-n

AE(t) = AdQ*Sin(Qt) 3),

where A and Q=2nf — the amplitude and oscillation frequency of the sample, respectively. The

. . 2 . .
maximal value of acceleration W,_, = AL was a magnitude on the order of 7.5 g, which

corresponded to the energy transfer AE = 2x 107" 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 =hQ , where the frequency

modulation Q is proportional to the frequency of the grating rotation f and is equal to Q = 275i ,
¢

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 MEH | 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
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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

500nm 00nm __ o '_ 500nm
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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 Litn,o)’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: o = -(8.6
+ 2.0)-10™ shows that the observed effect is caused by P-odd asymmetry of tritons from the
reaction °Li(n,o.)’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 valuesy, 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



valuey, 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 2H, cos((ot) 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 £, =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<FE,. To do this, execution of the condition Y/ = ¢ was necessary, where y — the
gyromagnetic ratio for the neutron, and ¢ — the time of flight of a neutron of the given energy along
the coil. In our experiment ¢ =m/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 7, 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 7, and

with the coils switched on 7 . Then we constructed the relation:

L, ,_1+olE)RP,

R = Lo
T 1+ PP,

off

b

where B 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 oc(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 a(E ), B 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.12. The Mini-Fobos facility on channel 6b of the Flg'B' Start avalanche counter with an
IBR-2 reactor. internal target.

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 **°U” decay obtained
in the reaction U+ ng, 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.

1.5.2 Measurement of total energy spectra of light charged particles in spontaneous fission of
252
o

The experiment to measure total energy spectra of light charged particles in the spontaneous
fission of *>Cf was carried out in the JYFL laboratory (Jyviskyld, Finland). The experimental
facility is shown in Fig. 14. Spontancous 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 (A,O3) 22.2 + 3.4
pg/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 (C£,03) 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 o-particles formed as a result of the "He decay.

Results of the measurements for o-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 o-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(nyes,f) 2>"U(nyes,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 *>>Cf(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 ***Cf{(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; 0) 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,q) reactions

At the EG-5 facility in FLNP the experiments to measure angular correlations in the reaction
"N(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 o, 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 Ion
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.



AN pmN n
o
[=)
e

“fb

rrr+rtrtrrrr ¢+ rrrrr . rrrr&r. &t r & &17T

400000 500000 600000 700000 800000
En, eV

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 £ 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 exchange n + 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
«backwardy» 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 deuteron n +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 .
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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 ff—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 um.

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 un
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 Voronezh 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 «Dubnay» 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 MEPHhI;
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-III), 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. HAYYHBIE NCCJIEJOBAHUA
1.1. ®PU3UKA KOHAEHCUPOBAHHBIX CPE/]

Benen 3a cioXHBIMM OKCHJaMM MapraHua (MaHraHHUTaMHu), OCHOBHOM OCOOEHHOCTBIO
KOTOpBIX sBIsiETCS 3(P(PEKT KOJIOCCATFHOTO0 MAarHMUTHOTO COTNPOTHBIICHHS, PACTYIIUH HHTEpEC
HpPOSIBIIAETCS K CIOXKHBIM OKcHIaM KobOanbTa (koOanbrutam) tuma Ln;(MyCoOs, rne Ln —
JaHTaHug, M — MIel0YHO3eMeNbHBIM 3yeMeHT. C HayyHOM TOYKM 3peHHs] KOOaJbTUTHI
MUHTEPECHBl CUJIBHBIMU KOPPEILSIIMSAMM MEKIY pPELIETOYHBIMM, 3apsSIAO0BBIMH, CIIMHOBBIMHM U
OpOUTANBHBIMM CTENEHSIMHU CBO0ObI. OKCHbI KOOanbTa Ba)KHBI JUIsl MPAKTUKU B CBSI3U C HX
UCIIOJIb30BAaHUEM B KayecTBE OHJIEKTPOJAOB B MCTOYHHMKaX Toka. OcobeHHocTH (a30BbIX
NEPEX0JI0B B KOOANBTUTAX CBS3aHbl C HapyIIEHHEM OanaHca MeX1y BHYTPUATOMHOM 3Hepruein
XyHJia ¥ 3HEpruei KpUCTaIMuYecKoro MoJjs, CBA3aHHOU ¢ KoH(urypamnueid okra’ipoB CoOs. B
pesymbrate, HOH Co’' MOXET HAXOAMTBCSA B TPEX pPAsHBIX CIHHOBBIX COCTOSHHSAX:
nuskocuHOBoM (LS, thy’e,), mpomexcyTounoM (IS, . e,') BricokocrmuoBoM (HS, ta'eg)).

Ha peaktope WBP-2 Benyrcs wuccienoBaHus aTOMHOM M MarHUTHOM CTPYKTYpBI
KOOAIbTUTOB, B TOM YHCJE MPHU BBHICOKMX BHEMIHMX naBleHusX. Ha mudpaxtomerpe OJIBP
uzyyaincsi coctaB PrysSrpsCoOs;, B KOTOpOM paHee HaOMIOJaINCh HECKOJIBKO MarHUTO-
CTPYKTYpPHBIX (Da30BbIX nepexoioB. udpaKIMoHHbIE CHEKTPbl ObUIM HM3MEPEHbI B LIMPOKOM
nuanazone temrepatyp (10 — 780 K), B ocHOBHOM B pexuMme HarpeBa oOpasna. B stom
nuana3oHe oOHapyskeHbl Ba (asoBbix mepexona (77 = 120 K u 73 = 300 K), B x01€e KOTOpPBIX
M3MEHSAIOTCSI MarHUTHAs M KpUCTAJIIMYECKasi CTPYKTypbl oOpasua. [Ipu HarpeBaHuM cCUMMETpUs
[0CJIEI0BATENIBHO MOBBIIIAETCS OT TPUKIMHHOM 10 pPOMOUYECKOM U 3aTeM 10 pOMOO3APUIECKOA.
[lepexonp! cunbHO pa3MbITH 10 Temmeparype a mexay 120 K u 300 K ¢dassr cocymecTByror
(Puc. 1). MarnuTHble U3MEpEeHHs MOATBEPXKAAIOT, YTO CTPYKTYpHBIH mepexon mpu 300 K
coBnazaer ¢ peppomarautHoi Toukoi Kropu. Ilpupona maraurnoro nepexoaa npu 120 K nmoxa
0CTaeTCsl HEU3BECTHOM.
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Puc. 1. Cooeporcanue cmpykmypuvix ¢paz 6 obpaszye 8 3a8UCUMOCMU OM MeMNepamypbi.

Ha mudpakromerpe JIH-12 mpoBeneHo uccieaoBaHUE KPUCTAUIMYECKOW W MarHUTHOM
CTPYKTYpBI FeKCaroHaJbHbIX (ppycTpupoBaHHBIX MaHraHuToB RMnOs (R=Y, Lu) npu BeIcOKHX
naBieHusx g0 6 I'Tla. IlomyueHHble SKCIIEpUMEHTAIbHBIE JAaHHBIE, BMECTE C pe3yjbTaTaMu



npeaAbIAyInX I/ICCJ'ICI[OBaHI/Iﬁ APYrux TICeKCAaroHaJbHbIX MAHIaHUTOB, ITO3BOJIMJIIM YCTAHOBUTDH
B3aUMOCBSI3b MEXIY CHUMMETpueil TpeyronbHoro A®M COCTOSIHUS ¢ MapaMeTpOM HMCKaKEHHsI
TPEYroJbHOW pemieTkn s, obOpaszoBaHHOW aromamu Mn u O. I[lomydeHHas 0000IICHHAsS
MarHuTHas (a3oBas JUarpaMma MO3BOJSIET OOBSICHUTH HaOJI0aeMble U3MEHEHUSI CUMMETPHH
MAaroiuTHOIO COCTOSAHHA HOpHU XUMHYCCKOM 3aMCIICHHUU (I/I3MGHCHI/II/I HOHHOI'O paauyca R
3JIEMEHTA) U TPUJIOKCHHUHU BBICOKOTO JaBJICHUS 3a cueT Bapuaiuu s (Puc. 2).
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Puc. 2. Daszosas oOuacpamma 2ekcazoHANbHbIX MaHeanumos RMnO; u cxemamuueckoe
uzobpaxcenue ADOM cmpyxmyp cummempuu I’y u I'j+1s.

B pamMkax cTpyKTypHBIX HCCIeAOBaHUN (PAKTOPOB, BIHUSIOMIMX HAa CTAOWIH3AIUIO
MarHUTHBIX >KUAKOCTEH, Ha4yaTo IUIaHOMEpHOEe H3ydeHue 3(Pdexta u30bITKa MOBEPXHOCTHO-
aktuBHOTO BeniecTBa (ITAB) B MAarHUTHBIX )KHJIKOCTSX HAa UX CTaOMIBHOCTh. B KauecTBe mepBoi
CUCTeMbl  BbIOpaHa  KJacCMUeCKass MarHUTHas JKUAKOCTb HA  OCHOBE  MAarHeTHTa,
JTUCTIEPTUPOBHHOTO B OCH30J1 U MOKPBITOTO OJMHAPHBIM CIIOEM OJICMHOBOW KUCIOTHL. M3BecTHO,
YTO 3Ta cUcTeMa Haumbornee crabuiabHa, Korjma Bechk I[IAB amcopOupoBaH Ha MOBEPXHOCTH
MarHeTuTa, T.. B OTCyTcTBHE CcBOoOoaHOro IIAB B pactBOope. B 3TOW CBSI3M C MOMOIIBIO
MaJIOyTJI0OBOTO paccessHUSl HEUTPOHOB OBLIM HCCIEIOBaHbl PACTBOPHI OJIEUHOBOW KHCIIOTHI
(Ci17H33COOH) B peiitrepupoBanHom Oenzone (CgDg). Llenpto paboTel ObUTIO ompeaeneHue
XapakTepa B3aUMOJEHCTBHS MEXy MOJIEKYJaMU KHCIJIOTBI, & TaKKe MPOSICHEHUE BO3MOXKHOCTH
ux knacrepuzanuu. Kpussie paccessaus (Puc. 3) B npubnmkenuu [ 'nHbe yKa3pIBalOT B IIEJIOM Ha
OTTaJKuBaHue Mexay Mojekyjdamu [IAB. Opgnako, ompeneneHHOE U3 ATUX JAaHHBIX 3HAYCHHE
BTOPOTO BUpHAIBLHOTO Kodpduimenra B = -0.02 3HauuTenbHO OOJBINE, YEM JIsi CHUCTEMBI
TBepAbIX mapoB (B = -8). DTo roBopuT 0 TOM, YTO KOMIIOHEHTA MPUTSIKEHUS CYIIECTBEHHA B
[IapHOM IMOTEHIMAJIE B3aUMOJEHCTBUS MEXy MosieKyiaamu. OnpeneneHssiii u3 qanasix MYPH
00BbEM MOJICKYJIBI OJIECMHOBOM KHCIIOTHI, 657 A’, 3HaumrenbHO oTiMuaercs or ee Ban-nep-
BaanbcoBckoro oGbema, 523 A’ m, B To xe BpeMsl, MPAKTHUUECKU COBHAAAET C YIEIbHBIM
00BEMOM YMCTOI OJIEMHOBOW KHUCJIOTHI B €€ JKUIKOM COCTOSHUU. JlJis MpOsiCHEHHs] JaHHOTO



HaOrofleHusT HayaTtbl paboThl 1O MOJICITUPOBAHHMIO H3Y4aeMOW CHCTEMBI METOJaMHU
MOJIEKYJIAPHON IUHAMUKH.
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Puc. 3. Kpusvie pacceanus ma pacmeope oneunosoii kuciomwvl (OA) 6 Oeiimepupoannom
Oensone ¢ paziuyHoOU KOHYeHmpayueu u 3a6UCUMOCMb UHMEHCUBHOCIU PACCEHUS 6 HYNeBOl
yeon uz npubaudcenus Iunve 6 3asucumocmu om Kowyenmpayuu. /[nsa nocireouwezo epaguka
HAOII00aemcs OmpuyamenbHulil HAKIOH, Ymo ceudemenscmeyem 06 Ommankueanuu Moaexy
0IeUHOBOU KUCTOMbL 8 PACMEODE.

Ha cnektpomerpe PEMYP npoBeaeHo wucciienoBaHME€ MAarHUTHOTO YIOPSIOYEHUS U
noMeHHOH cTpykTypbl B cinosx 20x[Fe(1.993nm)/Cr(1.2nm]/MgO. B oatoii cTpyKType
HaMarHWYEHHOCTU COCEIHUX CJIOEB KeJjle3a HalpaBieHbl aHTUIIAPAJUIENbHO. B miockocTu cinoés
CYLIECTBYIOT JIOMEHBI, KOTOpble TaKXe YHOpsJA04eHbl aHTH()EeppOMAarHUTHO. THI MarHUTHOIO
MEKCIIOEBOTO YIOPAJOUYEHUS 3aBUCUT OT TOJIIMHBI CJIOSl XpoMma. Bplio mpeanokeHo M3MEeHSTh
TOJILIMHY CJIOS XpOMa €ro C)XXaTueM U pacTsHKEHHEM C IIOMOIIbI0 3BYKOBOM BOJIHBI
METarepIoBoro Auana3oHa. B pedruekToMeTpudecKux SKCIEPUMEHTaX C IOJSPHU30BAHHBIMU
HeliTpoHamu HaOmoneHbl 3PQexTsl u3MeHeHus audGy3HOr0 paccesHus HEUTPOHOB OT
JIOMEHHON CTPYKTYphl U TIOSIBICHHUS HEYNPYIroro paccesHus HEUTpoHOB Ojaropaps
BO3HMKHOBEHUIO KOJeOaHMH MarHUTHBIX MOMEHTOB clio€B. Ha puc. 4 mokazaHa 3aBHCHMOCTb
MOJIIPU3ALMOHHOM CIIOCOOHOCTH OT MEepeJaHHONW KOMIIOHEHThI BOJHOBOIO BekTopa Qx ( BIOJB
My4YKa HEHUTPOHOB) MPHU Pa3TUYHBIX 3HAYEHHsIX 4acToThl 3ByKa fo= 50 MI'n u 3f;= 150 MI'w.



BugHo, uyto ¢ yBenmmyeHmeM dUacToThl Qx pacmpenesieHHe YIIMPSETCS, YTO TOBOPUT 00
YMEHBIIIEHUH pa3Mepa JOMEHa. Takum oOpa3oM, TMOKa3aHO, YTO MOXHO YIPaBISTh
MarHUTHON CTPYKTYpo# aHTH(eppOMarHUTHO-yHopsimoueHHOH CTpyKTypsl 20x[Fe(1.993nm)/
Cr(1.2nm]/MgO wu3MmeHsisi ypoBEHb WJIM YacTOTy 3BYKOBOW BOJIHBI. DTO OTKPHIBAET HOBYIO
BO3MOXHOCTb yTPABJIEHUS MAarHUTHOW CTPYKTYpOH, KOTOpas XapakTepu3yercs OOJBIINM
OBICTPO/ICHCTBUEM.
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Puc. 4. 3asucumocmsv noaApU3AYUOHHOU CNOCOOHOCMU OM NEPeOAHHOU KOMHOHEHMbL
601H08020 6ekmopa Qx ( 6001b NYYKA HEUMPOHO8) NPU PA3IUYHBIX ZHAYEHUAX YACTOMbL 36YKA
npu ompadxcenuu Hetimporos om nienox 20x[Fe(1.993nm)/Cr(1.2nm]/MgO.

Ha nudpakromerpe JIH-2 n3yuancs pacnmaa ruapaTHOTO KiaTpaTa ¢ JAeWTEpHeM COCTaBa
32D,:136D,0 npu narpese a0 250 K ¢ puxcupoBaHueM OTAEIBHBIX 3TAlOB €ro pasioKEHUs.
KpatkoBpemenHsbiii (15 MuH.) HarpeB oOpaslia ¢ MOCHEYIOLIeH 3aKajJkoi O TemIeparypsl
xkuakoro aszora (95 K) mo3Bosmmsi oCylIecTBUTH CTyNEHYATOE yAalieHWe BOJOpOAA U3 TOpP
KJaTpara MpH OJMHAKOBBIX YCJIOBUSAX AJIUTEIbHON CHEMKH Ul M3Y4YEHHS B3aMMOJAEHCTBHS
MaTpHULIbl ¢ MOJIEKyJIaMUd BHeApeHHoro aeiitepus. Oka3anoch, 4TO MapaMmeTp PEmIeTKH B ATHX
YCIOBHSAX HE 3aBUCUT OT KOHLIEHTpPALMM JeUTepus, T.e. HUKAKUX IMPHU3HAKOB YCHUJIEHHUS €ro
B3aUMO/ICHCTBHS C PEHIETKON He 0OHapy keHO. il pemeHust BOIpoca 0 XapaKTepe IKCTPAKITUH
JelTepus aHaIU3UPOBAINCh MHTEHCUBHOCTHU OTAENBHBIX pediekcos. Tak, rpapuuecku (Puc. 5),
HaJIo)KeHHeM Ha pacdeTHbIi pactp (hkl) cTonbma skcniepuMeHTATEHBIX HHTEHCUBHOCTEH OBLIH
YCTaHOBJIEHBI COCTaBbl THJPUIOB MU OTXKUre. Pacuer ucxoaHol kapTuHbel MeTogoM Putsenbaa
JlaJl HauwIydlllee corylacue NMpH KoHLeHTpauuu 32 moinekynsl D, Ha sueiiky, rae 16 monekyn
HaxoAsaTcsl B Oonbinoi mope (8b, mo 2 moin.) u 16 monekyn — B manoit nmope(16¢, mo 1 moi.).
[Tocne kpaTkoBpemenHoro (15 muH.) HarpeBa a0 Temneparypsl 145 K nu3smeHeHus B CTpyKType
KJaTpata MUHMMaibHbIL. [locTeneHHoe yaageHue BoJopoJa BO3MOXKHO 10 Temmeparypsl 195 K,
KOTJ]a HAYMHACTCSI POCT MPUMECHOH (ha3bl JIb/Ia, @ COCTAB JTOCTUTAET MHHUMAIBHOTO 3HAYCHHUS
x=16g,1+16*0.7,6=27.2 £ 0.5D,. [Tocne otorpesa no 220 K HaGnronaercst pa3inoxeHue KiarpaTa
¥ TIOSIBJICHHE MHTEHCUBHBIX JIMHUN Kpuctaumieckux ¢a3 mpaa (Ih, Ic) ¢ 3amerHoii moneit da3zsr
aMOp(HOTo JIbJa HU3KOH MJIOTHOCTH.

[IpoBeneHbl KOMILJIEKCHBIE HCCIIEIOBaHUS (PU3NYECKUX CBOMCTB CHUHTETUYECKOTO
MOHOKPUCTAJUTMYECKOTO KBaplla M KBaplEBOTO IMOpOIIKAa B TeMIepaTypHOH obiactu o-f3
nepexoaa MEeToJaMu HEUTPOHHOH MU(pPaKIUu M MEXaHHUeCKOoH crekTpockonuu. OmpeneneHa
KpUCTAJUIMYECKasi CTPYKTypa KBapILEBbIX MOPOIIKOB C Pa3HOW CpeaHEH BEIMYMHOW 3€pEH B
TemneparypHoM uHTepBaine a0 620°C u temmepatypsl a-B ¢asoBoro mepexoza. Ilomydens
TEMIIEPATypHbIE 3aBUCUMOCTU BEJIMYMHBI BHYTPEHHErO TPEHUS U PE30HAHCHOW YacTOTHl Y
0o0pa3loB KBapla B OKPECTHOCTH TeMIepaTyphl (a3oBOro Imepexoaa MpH Bo30YXICHUU
KOJICOAaHWH B TAapaUIeNIbHOW W TEPIEHAWKYIAPHOH ocu 7  KBapua IUIOCKOCTSIX.
3aperucTpupoBaHbl pa3IUYHbIC 3HAYCHUS TEMIIEPAaTyp TOUYEK MaKCUMyMa BHYTPEHHErO TPEHMS,
nexaue B uHTepBase ot 560 — 620°C. BpickazaHbl NPEANONIOKEHUS O BO3MOKHBIX TPUYUHAX



CMEIIEHHsT TeMIiepatypsl mepexona. OOHapyKeH MaKCHMyM BHYTPEHHEIO TpPEHHUS BOIM3H
3HaueHus 350°C, He CBSA3aHHBIM CO CTPYKTYpHBIMHM IIpeBpallleHus MM B Ksapue. llens
JaTbHEHINX paboT — onpesesieHre MPUYUH CMEIICHUs TOYKU (ha30BOTO OL-f3 mepexoia B KBapIie
Y TIPUPOJIbI MHKA BHYTpeHHero Tpenus npu 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 G.qu(v) spectra of isolated molecules
calculated within one phonon scattering approximation.

Ha cnekrpomerpe oOpatHoit reomerpuun HEPA wu3ydeHsl BHUOpaIlMOHHBIC CHEKTPHI
M30MEPOB T'eKCaHa, JJI1 KOTOPBIX TaKKe NpoBeleHbl pacueTsl B pamkax meroga DFT. Cnexrpsl
HEYIPYTroro paccesHusi W3MEPEHbl Uil U30MEPOB: 2- WIM 3-METWI-NEHTaH U 2,2- win 2,3-
nuMeTun-0ytan ¢ oOmel ¢opmynoit CeHjs. OmHOBpeMEHHO H3MEPSUIUCH IU(GPAKIIMOHHBIE
CIIEKTPHI 3THX O0Opa3loB, YTO IMO3BOJISUIO KOHTPOJIUPOBATH CTPYKTYpYy TBepAbix ¢a3z. DFT



BBIUMCJIEHUSI CTPYKTYpbl M JAMHAMHUKH MOJIEKYJ H3YUYEHHBIX H30MEPOB ObUIM CHAENaHbl AJis
UHTEPIIPEeTallud HU3KOYACTOTHOM YacTH CHEKTpa BHYTPEHHHX KojeOaHUM, KOTOpas XOpOIIOo
BUJHA Ha SKCIIEPUMEHTAIBHBIX CIIEKTPax, M3MEPEHHBIX TpU HHU3KOW Temmeparype. OcoObrii
UHTEpEC B OTUX BBIYUCICHUAX OBUT CBSI3aH C TEM, 4YTO CHEKTPbl HEYMPYroro paccesHus
JUU30MPONIIIA, U3MEPEHHBIE B CTEKJIONOJO0HOW M KPHUCTAUNIMYECKON (a3ax, OTIMYAINUCH JIPYT
oT apyra. CpaBHEHHE BBIYHUCICHHBIX W HM3MEpPEHHBIX cHekTpoB (Pue. 6) mokaspiBaeT, 4TO
BHYTPCHHHE KOJeOaHWsI B COCTOSHHM oOpHeHTannoHHOTO crekiaa (OG) COOTBETCTBYIOT
KoeOaHusIM B gauche-popMe MOJEKYNIbl. DTO MpeanoiaraeT HU3KUe MOTeHIMAIbHbIe Oapbephl
JUIsl BHYTpEeHHUX BpauieHui Monekyaspubix rpynn CH(CHsz),, uto Taxke ObLIO MOATBEPIKIECHO
DFT BbluncieHusMu.

Ha cnekrpomerpe JAUH-2IIM Ha o6pasmax AgCuSe BIEpBBICE C HCIIOIH30BAHHEM
METOJIa pacCesHUSI MEIJICHHBIX HEHTPOHOB IMPOBEIEHO HCCIENOBaHHE aTOMHOW IWHAMUKHA B
CYIICpUOHHON ¥ HECyNepuoHHOW (ha3ax ITOro COCOUHEHHWS. AHAIU3 JUHAMHYECKOTO
CTpyKkTypHOTO (pakTopa S(Q,®) yKa3blBaeT Ha HAMYHE HU3KOIHEPTEeTHUECKUX MOJ B 001acTu
sHepruil 3 — 4 m3B B ynopsgoueHHoMm coctostHuM AgCuSe, MpeAnoNoXKUTEeIbHO OTBEYAIOLUM
aKyCTHUYeCKUM (OHOHHBIM MOJaM. YCTaHOBJIEHA KOppENsALHUsS MeEXIy I[epexoioM B
cynepuoHHoe coctosinue AgCuSe M U3MEHEHUSIMU B JIMHAMHKE KPUCTAJUIMYECKOW PEIIETKH,
3aKJIIOYAIONIAsCS B PE3KOM H3MEHEHUHU CIEKTPOB IUHAMHYECKOrO CTPYKTYpHOTO (akropa,
0000111eHHON TMIOTHOCTH (POHOHHBIX COCTOSIHMM, TEPMOJMHAMMYECKHX CBOMCTB. YBeIMUYCHHE
aMIUIUTY/Abl TEIUIOBBIX KOJeOaHUN, U3MEHEHHUE TEIIOEMKOCTH IMpHU MEPEeXoj]ieé B CyNEpUOHHOE
COCTOSIHUE CBHJETEIBCTBYET O 3HAYMTEIBHOM cMsrdeHHH (OHOHHOTO crekTpa B a- AgCuSe.
[TnotHOCTH oHOHHBIX cocTostHUU G(g) B a- u f- AgCuSe xapakTepusyercsi HeneOaeBCKUM
MOBEJICHUEM B 00JIACTH MaJIBIX YHEPTUH U JBYMS BBIpQXKCHHBIMH MaKCUMyMaMHu 1ipu € ~ 10 u 20
M3B (Puc. 7). [Ipuunnoii otknonenus G(g) ot 1e6aeBCKOM 3aBUCUMOCTH SIBISIETCS PUCYTCTBUE
MOJbI HHU3KO3HepreTuyecknx Bo30Oyxkaenuid. [Ipu mepexome or B k o ¢a3e Habmogaercs
pa3mbiTHE MakcUMyMOB Tipu € ~ 10 u 20 MdB, kak ciencTBre W3MEHEHHsT MHOTHUX (DaKTOpPOB
aTOMHOW TMHAMUKH UCCIIETYEMON CUCTEMBI.
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Puc. 7. Hetimponno-e36euennas 0606wennas niomuocms goronnwvix cocmosnuti G(g) AgCuSe
8 CYNEPUOHHOLL U HECYNEPUOHHOU (ha3ax.



1.2. HEUTPOHHAS SINEPHAS ®U3UKA
BBenenue

B teuenue 2005 ocHOBHBIE pabOTHI B 00JIaCTH HEUTPOHHOM sinepHoi pusuku B JIHD nm.
N. M. ®panka nposoaunuchk Ha peaktope MbP-2, ycranoBke OI'-5, Ha HEUTPOHHBIX ITydKax
IpyTuX sinepHbIX neHTpoB Poccun, bonrapun, [onemm, Yexun, ['epmanun, Pecrrybmmku Kopes,
Kuras, ®panmuun, CIIA, u Snonun. HWccnenoBaHus NPOBOAWINCH B TPAJAULMOHHBIX
HAaIpaBJICHUSAX: M3yUYEHHUE MPOIIECCOB HAPYLIEHMs NMPOCTPAHCTBEHHOM M BPEMEHHOH UYETHOCTU
IpU  B3aUMOJEHCTBUM  HEUTPOHOB C  SApPAaMH; M3YyYEHUE  KBAHTOBO-MEXaHMYECKHX
XapaKTepUCTHK, SHEPreTMKM M JUHAMHKU T[poliecca JEJCHUs; OSKCIEPUMEHTAIbHOE U
TEOPETUYECKOE HCCIIEOBAHUE AIEKTPOMArHUTHBIX CBOWCTB HEHTpOHa M ero OeTa-pacnana;
raMma-CleKTpOCKONUS HEUTPOHHO-AJIEPHBIX B3aUMOJCHCTBHI; CTPYKTypa AaTOMHOIO Sapa;
NOJy4YeHUE HOBBIX JaHHBIX JUIS PEAKTOPHBIX NPWIOKEHUH M I SAEpHOM acTpoU3UKH;
9KCIIEPUMEHTHI C YIbTPAX0JIO0JHBIMUA HEUTPOHAMMU; IPUKJIIAHbIE UCCIIET0BAHUS.

1. DKkcnepuMeHTAIbHBIE UCCIeI0BAHUSA
1.1 @ynoamenmanvhole c60lCmMEa HEUMPOHA

1.1.1 Ixcnepumenm no npAMOMY UMEPEHUIO CeUEeHUs PACCEAHUA HeUMPOHA HA HellmPOHe

PaboTsl B pamMkax MOATOTOBKM M MPOBEJIEHHs 3KCIEPHUMEHTa IO MPSIMOMY HM3MEPEHMIO
CEUEHUs paccesHUs HEUTpoHa Ha HelTpoHe Ha peaktope AI'YAP (POAL-BHUUTO,
r.CHEXHMHCK)

B 2006 1. ObUT U3rOTOBJICH IMOJIHBI KOMIDICKT KOJUTMMATOPOB M3 CMECH O0OTamEHHOTO
6opa c cepoil (AN LEHTPaIbHBIX KOJUIMMATOpPOB) W M3 cMecH KapOupaa Oopa c cepoil B
OYEXJIOBKE M3 KaaMHUsS (sl OCTAJBbHBIX KOJUIMMATOpOB). IIpoBeneHb BaKyyMHBIE HCHBITAHUS
HIDKHEH 4acTH KaHajla ¢ yCTAaHOBJIEHHBIMU B He€ Komumaropamu. McnbiTanus nokasanu, 4ro B
UCTIBITHIBaEMON  KOH(urypammu (0e3 BepxHEH dYacTH KaHaja) MpH IITAaTHOW OTKauke
JIOCTUTAETCSI BAKYyM ~3-10° MOap, 9TO AOCTATOYHO JJISI TPOBEACHHS U3MEPEHUS NN-PACCESTHHUS.
(CoOpanHast HUXKHSISI YacTh YCTAHOBKM BO BpeMsl CIIBITaHUM MpeacTasieHa Ha Puc. 1 u Puc. 2)

[IpoBeaeHo ucneiTanue MarautopaspsiaHoro Hacoca (tun «HOPJI-250»), ycraHoBHUB ero
BMECTO OJHOTO U3 TypOOMOJEKYISIpHBIX HacocoB. McmbITaHue mokasano, YTo MCIOJIb30BaHUE
3TOr0 HAacOCa HE MPUBOJUT K YIYUIICHUIO BAKYyMa BHYTPU BaKyyMHOMH CHCTEMBI.




3aBepIieHo W3TOTOBJICHUE
JIOTIOJTHUTEIBPHON OCHACTKH JUISI MOHTa)Ka
HEHUTPOHHOTO KaHaja IO PEaKTOPOM U
NPOBEJICHUST  BEPXOBBIX  pabor  (mox
MOTOJIKOM PEaKTOPHOTO 3ajia) IO MOHTaXy
3JIEMEHTOB HEUTPOHHOTO KaHaJIa.

|
|
|
|
|
£ ! H3rorosieHa OCHOBHas 4acTh
0 | HepexpuiTie i
— | PeaToproro sonay JJIEMEHTOB KOHCTPYKLIUH
B%;jgﬁb‘&\ 1 MocuwTos MOIECPHU3UPOBAHHOT'O JCTEKTOpA.
3amegmTe Ny | —Lle HpOBeI[eHLI HUCIbITAHUA BaKyyMHOﬁ
|
AKTVIBHOS ; IJIOTHOCTHU KopImyca JEeTEeKTOpa.
30HO [ Al=eabru
PeakTOD . HccnenoBanuch  pasinyHble  PEXUMBI
‘Hel *gj paboThI JIeTEKTOpa C IENbI0 MaKCHMAaJIbHO
. = YMEHBIINUTD JJIUTEIBHOCTh HMITYJIbCA IIPU
, 3aumTo COXPAHEHUHU aMIUIUTYIHOTO pa3pelICHHUs.
r (CHatB) Takum o00pazoMm, OBLIM 3aBEpIICHBI
3 AN X o7l paboThI o W3TOTOBJICHUIO
o — 3 o
5 | dooeers HOJIHOMACHITA0HOM YCTaHOBKH TSt
o0 — U3MEpPEHUs] CEYEHHUsl pacCcestHUs HEUTpoHa
(S R )Y o
A SRS Konmowonios Ha HeWTpoHe Ha peaktope SAI'YAP.
oSO A S A TASEEE YcTaHoBKa ~ yCHEmIHO  TpoILia
. )
a S TeCTOBble TpoBepku B JlyOHe, Obuia
N & nepenpasicHa B CHEXMHCK, CMOHTHPOBaHa
S5 ke U OTBIOCTUpPOBaHa Ha peakrope JAI'YAP.
S/ ¢ BakyyMHbIn
St J | DKy Jlns npoBepku pabOTOCIOCOOHOCTH
50| - BCEX CHUCTEM YCTAaHOBKM B  YCIOBHAX
oSSl & pEaJIbHBIX U3MEPEHUN HA PEAKTOPE, a TAKXKE
LR - IUIS IPOBEPKU JOCTOBEPHOCTH IOJIy4aeMbIX
£2508 - pe3yabTaToB OBUTM  BBIIOJHEHBI IEPBBIE
7438 KaauOpOBOUHBIE M3MEpPEHMs Ha Trasax.
oS4 [JeTexTop o
° Cxema u3mepeHuil npeacrasieHa Ha Puc.3.

B nomnoctb BHYTpM  aKTUBHOM  30HBI
peakTopa, B KOTOPO#l JTOJIKHO IPOUCXOAUTH
paccestHe HEHTPOHOB Jpyr Ha Jpyre,
3allONIHSETCd MHEPTHBIM TIa3 C  XOpOUIo
U3BECTHBIM CEUYEHHEM pacCcesiHus TMpu
nasineHuu ~100 Topp. IlomocTe oTheneHa OT BaKyyMHOro KaHaja, 10 KOTOPOMY HEWTPOHBI,
paccessHHbIC Ha Ta3e MOMaJaroT B JETEKTOP, TOHKOW aTlOMHUHHEBOW (onbroil. Bes octanpHas
yCTaHOBKa (32 MCKIIOYEHHUEM [ETEKTOpa, YYBCTBUTEIHLHOCTh KOTOPOTO OblIa TMOHIKEHA, U
cocraBmsima 6,6 107, B ommmume or 100% 5ddEKTHBHOCTH IS PErHCTPAIMH N-N PACCESHIs)
Takasg e, Kak W IpU HU3MepeHuH n-n paccesHuss tonmuHo 40 Mxm. [lo uwmcny
3apErUCTPUPOBAHHBIX HEUTPOHOB, MPHU M3BECTHOM SHEPTOBBIICICHUU PEAKTOpa, BBIYUCIIAETCS
CEUYEHHUE pacCesiHUsI HEHUTPOHOB Ha Ta3e, 3alOJHSIOLIEM BHYTPEHHIOI IIOJOCTh PEaKTopa.
CoBrazieHie U3MEPEHHOIO0 TaKUM O00pa3oM CEuYeHUsi C 3apaHee HU3BECTHHIM TaOJIWYHBIM
CCUCHHEM, SIBIIICTCSI KPUTEPHEM TPABWIBHOCTH IOCTUPOBKM CHUCTEMBI, NPAaBUIBHOCTU
BBIUMCJICHUS] HEMTPOHHOTO CHEKTpa M TEJIECHOro yria, B KOTOPOM IMPOMUCXOIUT PETUCTpaLus
HENTpoHOB. Kpome Toro, B 3TOM U3MEPEHNN TECTUPYETCS BECH PETUCTPALIMOHHBIN KaHa.

Pe3ynbpTaThl u3MepeHuii Mokazajiu CleIyolIee:

1. Bce cucreMbl YCTaHOBKHM, 33 HWCKJIIOYEHHEM CHUCTEMbl PEruCTpaluu padboTaroT
HOPMAJIbHO.

2. HeoxunaHHO BenMKa OKa3ajlach poiib Y-poHa — moJaBiIAIONIEe OOJIBIIMHCTBO
PErUCTPUPYEMBIX TETEKTOPOM COOBITHII BO BpeMsl UMITyJIbCa PeaKTopa 3TO Y-KBaHThI. bosbioif

Puc. 3. Cxema ycmanosku 015 KamubPOGOUHbLIX
U3MepeHUll Ha 2a3ax.



MOTOK Y-KBAHTOB, MPOXOMSAIIUN Yepe3 ACTEKTOp, MPUBOIUT K TOMY, YTO JIETEKTOpP MepecTaér
PETUCTPUPOBATh KaKUE-TMOO COOBITHSI (KaKk HEMTPOHBI TaK W Y-KBAHTHI) M BOCCTAHABIIMBACTCS
ciycts 6osee yeM 10 Mc, KOr/1a TIOTOK TEIUIOBBIX HEUTPOHOB, PACCESIBIIMXCS HA aToMax rasa,
y’K€ MHUHOBAJ JIeTeKTOp. [103TOMY perucTpaliyisi HEBUTPOHOB B UMITYJIbCHOM PEXHUME OKa3aliach
HEBO3MOXKHA. HeoOXoaMMO TPOBECTH JOMOJHHUTEIHHOE MOJSIHPOBAHUE, IJIS ONTHMHU3AINAN
3alUThI JCTEKTOpPA C TOYKH 3PCHHUSI YMECHBIIICHHS TIOTOKA Y-KBAHTOB, IPOXOJISAIIECTO Yepe3 HETo,
U MOJICPHH3AIUIO JJICKTPOHUKH CHUCTEMBI PETHCTPAIMH C IEJbI0 YMEHBIICHHUS BPEMEHU
BOCCTaHOBJICHHS B CITydae Meperpy3KH.

3. IlpoBeneHHOE M3MEPEHHE HA TIOCTOSIHHOW MOIHOCTH PEAKTOpa IMOKa3ajio, YTO KaHa
OTBIOCTHPOBAH TMPABHILHO M, YTO TPH OTCYTCTBUU TMEPErpy3KHd JETEKTOpa CHUCTEMa
pEeTHCTpaliii TaKXe MPaBWIBHO paboTaer. V3MepeHHOE CeYeHHE pacCesHUS TEeIIOBBIX
HEHUTPOHOB Ha *He cocrasuio 0,87+0,13 6 (TabimmuHoe 3HaueHue 3Toro ceueHus — 0,760 0).

1.1.2 Hccneoosanue n-e pacceanus

HoBbli1 MeTOA MOTy4eHHs SKCIIEPUMEHTAIbHON BEIUYMHBI JJIMHBI pACCEIHMs HEUTPOHA HA
JIeKTpoHe b, ObLI NMpPUMEHEH Ul aHalu3a JaHHBIX IO CTPYKTYpHbIM (akropam S(q) (¢ -

nepejaHHOE BOJHOBOE YKMCJIO), OMHMCHIBAIOUINX AU(PPAKINI0O HEHTPOHOB B razax U >KUIKOCTSIX.
Hcnonp3oBanuch NONy4YeHHbIE Ha peakTope B ['peHoOne pe3ynbTartel Au(PaKIHOHHBIX
9KCIIEPUMEHTOB UHTEPHAIIMOHATIBHON TPYIIbl (PU3UKOB, JIFOOE3HO MPEAOCTAaBUBLINX JJISI HALTUX
pacyeToB CBOM YUCIIOBBIE JaHHBIE.

Crauana o6pabarbiBaanch S(g) A ra’o00pasHOro w30Toma "'Ar, y KOTOPOrO H3-3a
QHOMAJIBHO CUJIBHOTO $JIEPHOIO PACCESIHHS OTHOCUTENBbHBIN BKJAJ N,e-paccestHusl B IMOJIHOE
paccesiHie IPUMEPHO Ha MOPAIOK MEHbIIE, 4YeM y ecTecTBeHHbIX Ar, Kr u Xe. CoOTBETCTBEHHO,
pe3ynbTar  OKa3ajcs BECbMa  CKPOMHBIM, HO  IPOJAEMOHCTPUPOBAN  JIE€HCTBEHHOCTH
MPEI0AKEHHOTO METO/1a:

b,, =—(1,33+0,28+0,57)-10" Owm,

rae Bropas omubOka — cucremarndeckas. Crares HampasineHa B Eur. Phys. J.C.
EctectBeHHO, ropa3no daydiiuid pe3yiabTar fajia o0paboTka JaHHBIX MO ITU(PaKIUU HA KUIKOM
Kr. Tpu pas3sHelx BapuaHTa 0OpaOOTKHM JaHHBIX HPUBEIN K OYEHb OJIM3KHM BEIMYHHAM b,

HanOoJiee TOUHas U3 KOTOPBIX
b, =—(1,38%0,04)-10" ®m.
OTOT pe3ysbTaT BXOAUT B uuciio 10 — 12 nyqmumx 1no TOYHOCTH.

[IpeuioskeH 3KCIIEPUMEHT € IIeNbI0 M3MEpPEHMs UIMHBI N-€ paccesHUsl Ha YCTaHOBKE
TS3000K Ha xuakux wertauiax. llepBblil mpenBapUTENbHBIM 3KCHEPUMEHT IUIAHUPYETCS
IPOBOJUTH HA >KUJKOM CBHHIE IOCKOJBKY TOYKA IUIABJICHMS CBUHIA HAXOAWTCSA 4yTh BBIIIE
300°C. B ci1ydae yaauHOro SKCIEPHMEHTA HA CBUHIE OYIyT CACTAHBI H3MEPEHHS ¥ HA JPYTHX
AKHUJKHUX MeTaJljax ¢ 0ojee BEICOKOM TeMIepaTypoil aBIeHus..

VYcranoska TS3000K peanusoBana B Haunonansnom WUnHctutyTe SAneproit ®uszuku um.
“Xopst Xynyo6eii”, byxapect — Pymbiaus (IFIN-HH) w npennasnadena st uccienoBaHUs
CTPYKTYpbl U JUHAMHMKHU TBEPAOIO U JKUIKOTO COCTOSHUS C IOMOILBIO HEYNPYIOro paccesHus
HEUTPOHOB B YCIIOBHSIX CBEPXBBICOKHX TEMIEPATYp U BaKyyMa.

B 2006 r. ObuiM TpoBeneHBl TEOPETHUYECKHE OLIEHKU U HM3MEpPEHHs JJIUHBI N-€
paccesHusl Ha CBHHILIE C UCIIOJIb30BAHUEM HECKOJIBKUX (PEHOMEHOIOIMYECKHX MOJIENIEH KUIKOTO
COCTOSIHUSI M KHMJIKOI'O CBMHIIA. DTH OLIEHKU ITOKa3bIBAIOT BO3MOXHOCTb IIOJIyYEHHUs JUIMHBI Ha
ycranoBke TS3000K na kanane DIN-2PI.



1.2 Heumponunasa onmuka

1.2.1 Onmuka cunbHO RO2IOWAIOWIUX BEULECHE

3akoHYeHa paloTa MO HKCHEPUMEHTANbHOM NpOBEpKe CIpaBeUIMBOCTH 3aKoHa 1/v ais
CCUCHUA 3axBaTa YJbTPaxOJIOAHBIX HGfITpOHOB B €CTCCTBCHHOM TIaaOJIMHHH. I/IZIGSI pa6OTI)I
OCHOBaHa Ha TOM OOCTOSITENILCTBE, YTO B3aUMOJICHCTBHE HEMTPOHOB C BEIIECTBOM MOXKET OBITh
OoInmrcaHa MOJCJIBIO 3(1)(1)CKTI/IBHOFO OIITUYCCKOTO IMOTCHLMAJIa B TOM W TOJIBKO B TOM CiIydac,
KOTJla MOJTHOE CEYCHHE B3aUMOJCHCTBUS HEHUTPOHOB C SpaMH BELECTBA MOJUUHACTCS 3aKOHY
1/v. Ilpu 5TOM OnTHYECKUH MOTeHIa V BOOOIIEe TOBOPST KOMILJICKCEH.

V=U+iW. (1)

B cinydae ectecTBeHHOro ragoiauHus, 00Ja1al0Iero peKOPAHbIM 3HAUEHUEM CEUCHHsI 3aXBaTa
Oylarojapsi HaJIMYMIO PE30HAHCOB B TEIUIOBOM OOJACTH SHEPTHil, MOJAENb MOTEHI[HANIa BOOOIIE
roBops He crnpaseayiuBa. OJHAKO AJi1 XOJOJHBIX U OYEHb XOJOJHBIX HEUTPOHOB OHA JIOJHKHA
BBITIOJIHATHCSL C OOJBIIOM TOYHOCTHIO. 3HAUCHUSI JCUCTBUTEIBHOW M MHHMOM YacTen
MOTEHIIMaNda €CTeCTBEHHOro TamonuHus st ciydas YXH Obun ompesneneHbl B HAIIMX
npenmecTyromux padorax [1.1, 1.2]: V =4513B, W = 82u3B.

T
YXH

MomnoxpomaTop

KpemuueBas
IUIACTHHA

> IIinenka Gd

Puc. 4. Cxema sxcnepumenma no nposepxe 3axona 1/V ons ceuenus 3axeama
VXH & ecmecmaennom 2adonunui.

Oco0eHHOCTh MOJIETTM TOTEHIMalla COCTOMT B TOM, YTO B Cllydyae €€ CpPaBeIIMBOCTH Kak
KOX(PQPUIIUEHT OTpaKEHUS, TaK U MPO3PAYHOCTH BEIISCTBA 3aBUCAT TOJIBKO OT KOMITOHEHTHI
CKOPOCTH HEHWTPOHA, HOPMAJILHON K MOBEPXHOCTH BemiecTBa. IMEHHO 3Ta 0COOCHHOCTH M Obliia
MOJIOKEHA B OCHOBY HAILIETO SKCIIEPUMEHTA.

VYbpTpaxonogHble  HEUTPOHBI MPOXOAMIM uepe3 mnepudepuueckyro dYactb oOpasla,
MPEJICTABISIFONIET0 CO0OM TIUJIEHKY TaIOJIMHUS, TOJIIMHONW OKOJIO 25HM, HAHECEHHYIO Ha
KpEMHUEBBIN TuCK. Bparas 1uck, MO>XKHO ObUIO MEHSITh OTHOCUTENbHYIO CKOPOCTh HEUTPOHOB U
oOpa3iia, COXpaHss HEU3MEHHONW HOPMAIbHYIO KOMIIOHEHTY CcKopocTH (cMm. Puc.d).
Hewn3meHHOCTh MpOMyCKaHUsl OT CKOPOCTH BpaIEHUs CBUAETEIbCTBOBAJIIA O CHPABEMJIMBOCTH
Monenu 3(h(EeKTHBHOTO TOTEHIMANa U, CJIEIOBAaTEIbHO, O BBIMOJHEHUWH 3akoHa 1/v. B
pe3yibTaTe yCTaHOBJICHO, YTO 3aKOH 1/v myist ceuenus 3axBaTa Y XH B ecTeCTBEHHOM TaI0TMHUHT
cupaBelIMB ¢ ToyHOCThIO mopsiaka 0.1% B mHTepBasie n3meHeHus ckopocredl YXH ot 4 no
35m/cexk.



1.2.2 B3zaumooeiicmeue HelimpoHa ¢ YCKOPAIOWUMCA 6eULeCEOM

bbul mocTaBlieH AKCHNEPUMEHT IO HAONIOJCHHUI0O W3MEHEHMsI SHEpPruuM HEHTpoHa Ipu
NPOXOXKJCHUU 4Yepe3 YCKOpeHHoe BeliecTBO. CyliecTBOBaHUE J(PQeKTa CleayeT Kak u3
CIIPaBCJIMBOCTH IMPUHIOUIIA SKBHUBAJICHTHOCTHU, TaK U W3 JCTAJIBHBIX HeﬁTpOHHO-OHTHqCCKHX
pacuetoB [2.2]. Jlns miockoro oOpasiia, JBHTAIOIIETOCS C YCKOpEeHUeM, BenudyuHa 3ddekra
OTIPEICIISICTCS BHIPAKCHHEM

1-n
AE =~ wd —— ),
n

rae d — TonmuHAa 00pasna, n — MoKa3aTeNlb MPEJIOMIICHUS U W — yCKopeHHue oOpasma. Llensio
paboTHI OBLIIO U3MEPEHUE TAKOTO U3MEHEHUS YHEPTHUH.

B kadecTBe 00pasma HCMONB30BAIACh KPEMHHUEBAs IJIACTHHA, TOMIIMHONW 0.6MM, KOTOpYIO
MOYKHO OBUTO MPHBOAWTH B TAPMOHHYECKOE JBIDKEHHE. [Ipu 3TOM 5SHEprusi HEUTpOHA TaKXKe
JOJI’)KHa 61:1.]13. MCHSATLCA IO TAPMOHUYCCKOMY 3aKOHY B COOTBCTCTBUM C

AE(t) = 1™ AdQ?Sin(Qt) (3,
n

rae A u Q=2nf — aMuIMTYyJa ¥ 4acToTa OCHMIUIALMU 00pa3iia COOTBETCTBEHHO. MaKCUMallbHOE

2
3Hauenne yckopenns W, = A" cocrasmsno BemuunHy mopsiaka 7.5g, 4eMy COOTBETCTBYET
nepenayda SHEPIrUU

20,6 Maximum of the scanning curve AE ~ 2)( 10_10 3B.

OKcrepuMeHT OBl MOCTaBJIEH C
IPAaBUTALMOHHBIM  CHEKTPOMETPOM
YXH ¢  uHTepdepeHIMOHHBIMU
¢wretpamu. [lpum  sTOM  0Opaser
pasMmemiasics  MeXay — (QUIbTPOM-
MOHOXpPOMaTOpOM (1 BONU3H
HEro) W (UIBTPOM-aHATHU3ATOPOM.
["apmonnueckoe aBUXKEHHE OOpasla
IPUBONIO K HEePUOIUIECKOM

Phase of the count rate oscillation (radians)

= - e - i = 2 MOAYJISILANA CKOPOCTH CYETA C TOU Ke
Distance between the filters (cm) ‘{aCTOTOﬁ. BTa M()ﬂy_]];{]_u/[;{
nopokaanack AByMmsi 3¢ deKkTamu:

U3MECHEHHEM DHEPTHUH,
NPOTIOPIMOHATIBHBIM ~ YCKOPEHHIO
o0pasiia, 4To U SIBISUIOCH IIPEIMETOM
NIOWCKA, ¥ M3MEHEHHEM IPO3PavyHOCTH 00pasna, 00YCIOBICHHBIM MEPUOINIECKUM W3MEHEHHE
OTHOCHTENBHON CKOpOCTH o0pasiia u HelTpoHa. [Ipu pa3IMYHBIX COOTHOIICHUSAX MEXKITY ITUMH
nByMs d(QQeKTamMu, HCKOMBIM M CHCTEMAaTHYeCKHM, ¢a3a OCHHUIALUN CKOPOCTH cueTa
HEUTPOHOB TaKXke Pa3IM4HO. ITO OOCTOATENBCTBO U OBLIO MOJI0KEHO B OCHOBY 3KCIIEPUMEHTA.
B Hem m3mepsinachk (aza OCHWUIALUKN CKOPOCTH CYETa B 3aBUCHMOCTU OT PACCTOSHUS MEXIY
IBYMS priTbTpamMu.

[TomyuyeHHble pe3ynbTaThl HIUTIOCTPUPYIOTCS PHCYHKOM 5. CuHHME 3aKpbIThIE TOYKH —
pe3yibTar u3MepeHHs (a3pl OCHIUIALNHN CKOPOCTH CYeTa B 3aBHCHMOCTH OT PACCTOSIHUS
mMexay ¢uibTpaMu. CrtomrHasi CUHsISI KpuBasi — TeopeTHueckuil pacuer. KpacHas HakiIOHHas
npsiMas — pacueT, CHCNAaHHBIH B MPEANOJNOXKEHUH, YTO H3MEHEHHEe (a3bl OCHWLIALUH
00yCJIOBJICHO TOJIBKO MEPHUOAMUYECKON MOAYJIALUEH MPO3pavyHOCTH 00pasla, a UCKOMBIH 3¢ dekT
W3MEHEHHS SHEPTUU OTCYTCTBYET. | OpH30HTaNbHAs CIUIONIHAS M IyHKTHPHAs JMHUM — (a3a
OCLUWJIISIIMHA CKOPOCTH c4yeTa (M KOPUAOP MOTPEUIHOCTEH) B OTCYTCTBUU (MIIbTpa-aHATU3aTOPA.
[Tpy KOPPEKTHBIX N3MEPEHHAX U PACUETaX ITH JIMHUH JOJDKHBI IEPECeKaThCs B OJJHOM TOUKeE.

Puc. 5. Daza ocyunrayuu ckopocmu cyema 8
3ABUCUMOCU OM NOJIONCEHUSL MEHCOY PUTbMPAMU.



OKCHEpUMEHT C€ HECOMHEHHOCTBIO CBHUJETEIbCTBYIOT O CYLIECTBOBAHWU  BIIEPBbHIE
HaOmromaemMoro 3(Qdexkra M3MEHEHUS HHEpruh HEHUTPOHOB TMPH NPOXOKICHUU Yepes
yCKOpsIfoImuiicss oOpasenl. Ero BenwmumHAa COOTBETCTBYET TEOPETHUYECKHM IPEICKA3aHUSAM C
TOYHOCTBIO Topsiika 15%. JlanpHelre SKCIepUMEHThI TOKaXYT, CBSI3aHO JIM 3TO PACXOXKICHUE
¢ pU3NYECKUMU PUINHAMH M OHO HOCUT YMCTO METOAMYECKHH XapakTep. OTMETHM elle, 9To
XOTS1 3PQEKT YCKOPEHHOI'O BellecTBAa HAOIIOAAICS TMOKa TOJBKO B HEUTPOHHO-ONTHYECKOM
JKCIIEPUMEHTE, OH MMEET BEChbMa YHUBEPCAJIBHYIO MPHUPOAY U JOJIKEH CYIIECTBOBATH WM JJIs
YacTUI HHOM MPUPOJIBL.

1.2.3 Ilposepka cnaboz0 npunHyuna 3KGUGANEHMHOCMU U USMEPEHUE YCKOPEHU:A
C60000H020 nadenus Helmpona

Ha wucrounuke YXH B WJIJI (I'peHoOsb) TOCTaBJIEH SKCIEPUMEHT 110 H3MEPEHUIO
YCKOpEHHUsT CBOOOAHOTO TAACHHWS HEWTPOHA. OKCIEPUMEHT TMOCTaBIEH C IOMOIUIBIO
rpaBuTannoHHOTO criekrpomerpa Y XH ¢ untepdepomerpamu ®adpu-Ilepo (UDII), a ero unes,
omy0OJIIMKOBaHHas paHee B paboTe, wiuocTpupyercs pucyHkom 6. Ilocie npoxoxnenus MOII-
MOHOXpOMaTOpa HEUTPOHBI C Y3KMM HHTEPBAJIOM BEPTUKAJIbHBIX CKOPOCTEH MPOXOASAT depes
Bpataronryrocs ¢Ga3zoByro AudpakiuoHHYI0 pemeTky. HelTponsl, coorBercTBytomme - 1-my
nopsiiKy Au(pakiMd YMEHBINAIOT CBOK SHepruio Ha BenuunHy AE=7Q, rme wacrora

f
MOIYJISIHMK ) IPONOPLUOHATIbHA YacTOTe BparieHus pemerku f u paBHa Q=2n— , rae ¢-

yrioBoi mnepuoxn pemerkd. Ha nytm k H®lI-ananuzaTtopy HEUTPOHBI YCKOPSIOTCS B
TPaBUTALMOHHOM II0JI€, YBEIMYMBAsA CBOK YHEPIUIO HA BEIUYUHY mgH | e H - paccrostHue

Mexny MHWOII. HM3MmepeHue >HEpruu MNPOU3BOAUTCA IIyTEM CKaHUPOBAHMS II0 BBICOTE
a"Hammzupyromum WMOII. [lpu sTOoM omnpenensercss MakCUMyMbl COOTBETCTBYIOIIMX KPHUBBIX
CKaHHUPOBAHHUA MPU Pa3IUYHbIX 3HAYEHUSAX YaCTOThI BPAIIECHUS PELIETKHU U MPONOPLHUOHATIBHON
el 4acTOThl MOIYJIAUMU. BennunHa ycKOpeHUs CBOOOJHOTO IMaJeHUs ONpeaessieTcs] Ipyu 3TOM
U3 COOTHOLLIEHUS

_hao

5 mAH

(4)

Pe3ynbraThl 0JJHOM U3 SKCIIEPUMEHTAJILHBIX CepUl TIPUBEACHBI HA PUCYHKe 7.

Fabri-Perrot
monochromator € 17

™\ "

~
/ Rotating phase grating
e *d

a

H (cm)

g SETTEEEERERREEE S

. Q = 4.74*10°*
Fabri-Perro 38 20 a2 a4 a6 48 50 52 54 56
analyzer Grating rotation frequency f (Hz)

Puc. 6. Hoes sxcnepumenma  no Puc. 7. [lonoocenue mMakcumymos Kpuswix
UBMEpPEeHUI0  YCKOpeHust  C80000H020 CKAHUPOBAHUA 6  3ABUCUMOCIU  OM
naoeHus: HelumpoHa. 4acmomul 8PAUeHUs PeUlenKU.




B mHactosmee Bpems mpomoipkaeTcsi  00paboTKa  OKCIICPUMEHTAIBHBIX  JIAHHBIX.
[IpenBapuTenbHbIl pe3yibTaT COCTOMT B TOM, 4YTO B Ipezenax To4HocTH mnopszaka 0.2%.
YCKOpPEHHE CBOOOTHOTO TaIeHHUSI HEHTPOHA TaKOe JKE, YTO M JUIT MAaKPOCKOTTMYECKHX TEJl.

1.2.4 Ilpoexmupoeanue HelilMPOHHO20 MUKPOCKONA

B 2006 romy wHawyarbl paboThl HaJ NPOEKTOM HEHTPOHHOIO  MMKpOCKOINA,
OpUEHTHUPOBAaHHOrO Ha eBpomneiickue wucrouHukd YXH HoBoro mnoxonenus. Co3gaHo
MaTeMaTHuecKoe oOecledyeHrue JUIsl pacdera 3epKalbHbIX onNTHYeckux cuctem ansi YXH B
MpUCYTCTBUU rpaBUTalu. C NOMOIIBIO 3TOW MPOrpamMMbl BEAYTCSl pacueThl TOPU30HTAIBHOIO
HEUTPOHHOIO MHUKPOCKONA C KOMIIEHCAllMeH TpaBUTALMOHHBIX abeppauuil MperoMIIsSIOIUMU
aneMeHTaMu. [lomydeHsl 00HaIEKUBAIOIUE PE3YIIBTATHI.

1.3 Hccneoosanue ceoticme yibmpaxoiooHblX HelmpoHoe
1.3.1 Pabomul 6 pamkax uccnedoeanusn ezaumooeiicmeus YXH ¢ nosepxnocmoio

B 2006 romy ObuiM mpoBENEHBI HCCIEIOBAHUS IOBEPXHOCTEH psia MarepuaioB
MHUKpOCKONoM aToMHbIX cuil (AFM). UccnenoBanus mpoBOAMIIUCH C IENIBIO MPOBEPKH TUIIOTE3BI
0 MOBEPXHOCTHBIX HAHOYACTHIIAX KaK MIPUUYMHE TAaK Ha3bIBAEMOIo «Majoro Harpesa» Y XH npu
B3aMMOJEMCTBUM C TOBEPXHOCThIO. VccrmenoBanach MOBEPXHOCTh MEIH, Kejle3a, pa3iIMYHBIX
MapoK HEprKaBeIoUlel CTanu U candupa, a Tak k€ 3aBUCUMOCTb CTPYKTYPbl MOBEPXHOCTH OT
TEMIIepaTypbl IpeaBapUTENHHOTO 00e3rakuBanus. TUITMYHbBIE NaHHBIE, TOTy4YeHHbIe HAa AFM, ¢
MOBEPXHOCTH 00pa3LoB npecTaBieHs! Ha Puc. 8.

Hepxaseromas
crainp A304

Candup

500nm
rrrr

20°C | 1560°C 1600°C

Puc. 8. /lannvie c nosepxnocmu o6paszyoe.



OCHOBHOH BBIBOJ M3 MPOBEAEHHBIX M3MEPEHUIN: HA BCEX HCCIICIOBAHHBIX MOBEPXHOCTIX
(32 HMCKJIIOYEHHEM IMOJHMPOBAHHOTO MOHOKPUCTAIIMYECKOro  camndupa) MNPUCYTCTBYIOT
HAHOYACTHUIIBl PAa3IMYHBIX pa3MepoB. Pa3Mepbl HAHOYACTHI] YBEIWYHBAIOTCA C POCTOM
TEMIEPaTypbl MPEIBAPUTEIHLHOTO MpPOrpeBa 00paslioB, KOJIMYECTBO HAHOYACTHIl 3aBUCUT OT
ATOW TeMIlepaTypsl U OT TIyOMHBI BaKyyma BO BpeMs mporpeBa. Ha MOHOKpHCTAILITMYECKOM
candupe npu nporpese 10 temmeparyp ~1600°C oOpa3yroTcsi HAHOYACTHUIIBI B TO K€ BpeMs
nocie mporpeBa g0 800°C oOpazoBaHMEe HAHOYACTHI[ HA €r0 MOBEPXHOCTH HE 3aMEYEHO.
[ToBepxHOCTH MOHOKpHUCTa/IMYECKOTo candupa mocie mporpea mo 1600°C mpencraBiser
co00i1 cTyneHuaTy1o CTPYKTYpY CO CTyIeHbKaMU B OJJHY aTOMAapHYIO MJIOCKOCTb.

OOnapyxeHHE 4YacCTHI[ Ha TMOBEPXHOCTH YKa3blBa€T HA BO3MOXKHOCTH HEYNPYTOTo
paccesiHusg HEUTPOHOB C MAJIOW Mepeladeid SHEpPruM Ha TAKUMX YACTHUIAX €CJIU OHU OKaXKYTCS
JOCTaTOYHO CBOOOTHBIMHU.

1.3.2 Hccneoosanue keazuynpyzozo pacceanus YXH

B npomomkenue pabGoTel mpomnuioro roxa mposeaeHsl B ILL HOBbIE u3MepeHHs
BEPOSITHOCTH M CHEKTPOB KBasuynpyroro paccesnuss YXH Ha psge oOpas3umoB: Menb,
aIMa3orof00HbIN yraepoa, Tediuon u Ap. B mpeapiaymux sKcrnepuMeHTax ObUl BIEPBbBIE
oOHapy>KeH 3HAYUTEIbHBIN HarpeB HEUTPOHOB B 001acTh cKopocTeit 8-12 m/c.

Meroa 3akirodaics B U3MEPEHHH TOTOKa HEHTPOHOB (IIOCIIE paccessHUs Ha 00pasIe)
CKBO3b KaJMOpOBaHHBIE 00PA3Ibl C U3BECTHBIM CEUCHHEM IOTJIOMICHUsI HEUTPOHOB. B manHOM
Cllydae B KauecTBE IOTJIOTUTENEH MCIOJIb30BAINCH IUIACTUHBI MOHOKPHCTAJUIOB KPEMHUS U
poauesbie Goabru. Takum 00pa3oM U3MEPSIIUCH KPUBBIE MOTJIOIIEHHS 17151 HEUTPOHOB TIOJIHOTO
CIEKTpa paccesiHUsl: OT YJIbTPAaXOJOIHBIX J0 TEIJIOBBIX. M3MepeHbl KpuBbIE MOIJIOMICHUS WU
BOCCTAQHOBJICHBI W3 HHUX CIEKTPbl pAcCEeIHHBIX HEHTpoHOB. OKoHuUaTenpHas 00paboTKa
pe3yapTaToB OyaeT npoBeneHa B Hadasue 2007 T.

Kak u B npe>xHeM ciryyae, U3MepeHMsI IPOBOANINCH TOJIbKO IPU KOMHATHOM TemmepaType
U Ha o0paslax TepMHYECKH B BakyyMe He o0paboTaHHBIX. [ImaHMpyIOTCS SKCIIEPUMEHTHI, B
KOTOPBIX ITOBEPXHOCTH 00pa3I[0B MOXKET B BaKyyMe TEPMUUECKU 00€3rakuBaThCsl, a U3MEPEHUs
MOTYT MPOBOJUTHCS MPU HUZKUX TeMIIepaTypax.

1.3.3 Pabomut no cozoanuio ucmounuka YXH na umnynvcnom peakmope TRIGA

[IpoBeneHbl  HOBBIE  JETalbHBIE pacyeTbl W BIEpPBbIE H3MEpEHa TIeHepalus
yIbTPaxXOJOAHBIX HEHUTPOHOB Ha uMIyibcHOM peakTtope TRIGA-MaiiHn (coBMecTHO ¢
rpynnamMu U3 MroHxeHa W MaifHia). OTo ecTh peanuzauus JaBHEro NpeuiokeHus Yu. N.
Pokotilovski, ,,Production and storage of ultracold neutrons at pulsed neutron sources with low
repetition rates, Phys. Lett., A356 (1995) 412.

Pesynbratel mo renepamuu YXH u HecrauMoHapHOMY TpaHCIOPTY MO 3€pKaJIbHOMY
HEHUTPOHOBOY XOPOLIO COINIACYIOTCS C pacyeTaMHu.

HeliTpoHsl reHepUpOBaIUCh B TBEPAOW JEUTEpUEBON MuUllleHU pu TemiepaTtype 6-10 K, u
TPAaHCHIOPTUPOBATHUCH IO 3€PKAJTLHOMY HEUTPOHOBOIY UIMHOW 6 M. B 4acTu SKCIIEpHMEHTOB
MCITI0JIB30BAJICSl ME3UTHIICHOBBIN Npen3ameanrens npu remneparype 20 K.

[Ipu peructpauuyu HEUTPOHOB MCIIONB30BAINCH MOMNEPEMEHHO TPH pPa3HBIX JETEKTOpa
HEHUTPOHOB:  KPEMHHEBBI C  paguaTopoM M3  oborameHHoro  ¢Topuaa  JHUTHUA,
IPONOPLMOHANIBHBIM Ta30Bblil ¢ He-3, 1 OKOHYATEeNbHO H3-3a BBICOKOM CKOPOCTH CYETa MpHU
UMIYJIBCHOW TeHepauuu (10 10° HelTpoHOB B cekyHay) GEM-nmerektop ¢ OGOpHBIM
pamuatopom. [Ipu ummnynbce peaktopa 10 M/’ KOTHYECTBO 3apErUCTPUPOBAHHBIX HEUTPOHOB C
sHeprueil Hike 200 #3B mpessimano 10°.



1.4 Hapywienue npocmpancmeeHHOU U 6PEMEHHOU UYemHOCHMU RNpU 3auMoOeiicmeuu
HellmpoHo6 ¢ A0pamu

v 6y o 3
1.4.1 H3zmepenue P-neuemnoit acummempuu smuccuu mpumonos ¢ peakyuu "Li(n,)’ H

Ha nmyuke xomomubeix mnosspuzoBaHHbIX HeWTpoHOB PF1B peaxropa MJIJI (I'peroO:n)
MPOBEJICH «HYJEBOW»-OKCIIEPUMEHT [0 OMNpeNeieHu0 (HOHOBOW AaCHMMETPUH Ul CEpUU
HKCIEPUMEHTOB IO M3MEPEeHHUI0 P-HeueTHONl acuMMETpUHM 3MHCCHUM TPUTOHOB B pEaKLUU
SLi(n,a) H. Honyueno 3uauenne oo = (0.0 = 0.5)-10°. Takum 06pa3oM, YCIENIHO 3aBepIICH
OJIMH U3 JIByX BOKHEUIINX, BEAYIIUXCS B TCUCHUE HECKOJIBKHUX MOCIEAHUX JIET, SKCIIEPUMCHTOB
0 MOUCKY HEUTPaIbHBIX TOKOB B HYKJIOH-HYKJIOHHBIX B3auMOJIeHCTBUSAX. COMOCTaBIEHNE ATOTO
pe3yJIbTaTa ¢ pe3ylIbTaTOM OCHOBHOTO SKCIepUMeHTa: oy = -(8.6 + 2.0)-10™ mokassiBaer, uto
HaOmogaemerii 3¢ dekT o0ycioBieH P-HedeTHOW acMMMETpUe TPUTOHOB W3 PEAKIUU
6Li(n,oc)3H. Lenpto wccrnenoBaHUN SIBISETCS OMpPEIEICHHE CIa00il 7-ME30HHOW KOHCTAHTHI
cBs3M f;, COOTBETCTBYIONICH B3aWMOJCUCTBHUIO HEUTPAIBHBIX TOKOB B HYKIOH-HYKJIOHHBIX
nporeccax. M3 IOIy4eHHOH acHMMETpHH cleayloT orpanmueHms: fy = (0.4 + 0.4)-107, B
MPENONI0KEHNUU, YTO JAPYrHe KOHCTAHTHI PaBHBI «JTydIIUM 3HaueHUsM» [luriaHka u ap., U -
1.2:107 < f; < 1.6-107 ¢ y4eToM TEOPETHHECKHX ¥ IKCIIEPHMEHTAIBHEIX HEONPEIeIeHHOCTEH
JPYTHX KOHCTAHT. JTO MOATBEP)KIAET PE3y/IbTAThl SKCIIEPHMEHTAa HAa 'F M BBIBOA, 9TO fy
CYILECTBEHHO MEHBIIIE «IydIlIero 3HaueHus» Jlurianka u ap. (4.6-107). PaGoThl BBIIOTHSIOTCS
coBmecTHO ¢ [TUAD (I"aruuna), UJUJI (I'perobns, @pannus), TY Mronxena (I'epmanus).

1.4.2 Ynpaenenue neiimponnoil noaapusayueii OCPEOCmeom pamceescKozo 8pauieHus

B 2006 r. Ob1 mpoBeneH SKCIEPUMEHT, LENIbI0 KOTOPOTO SIBJISJIOCH IPOBEpKa
3 PEKTUBHOCTH YIIPABICHUS MOJISPU3ALMEN TEIUIOBBIX U SIUTEIUIOBBIX HEHTPOHOB C MOMOILBIO
pPazMoYacTOTHOTO MOJISl. DKCIEPUMEHT MPOBOAWICS Ha myuyke H8 mMmyiabCHOro HEHTPOHHOTO
ucrounrka KENS (KEK, flnonus). Cxema ycTaHOBKHY ITpUBEIcHA HA PHC.Y.

y
/Al—’ z
X
MarbiiA CONEHO,
nonsipusaTtop A aHanmaaTtop
PY katywka 1 | PY katyuwka 2
| |
= i = ] = > .
{ J { HENTPOHHLIN
coneHoug 1 coneHoug 2 coneHoua 3 My4OoK

Puc. 9. Cxema skcnepumenma.

[Tonsspu3anys HEUTPOHOB M AHAIM3 UX MOJISIPU3ALMHU OCYLIECTBISUINCH YCTPONCTBAMU Ha
OCHOBE TOJISIPU30BAHHOTO *He ¢ onrtuueckoii HaKayko#, co3maHHbIMH Kosuabopanueit KEK-
JIHO OUAN B 2003-2005 rr. B conenoupme 2 mgmmuHou 80 cM u nuamerpom 12 cm
MOCJIEIOBATEIBbHO PACIIOJIaraluCh JIB€ MPSIMOYTOJIbHbIE paguodacToTHele KaTymku PYU 1 u PY 2
umHoH 20 cm kaxpmas. Kaxnas Kkarylika coslaBajia ocLpuuiMpyrouee noue 2H, cos(wt),
HampaBJICHHOE BJAOJb OCU ). M3MepeHne OCyHIECTBIUIOCh MO BpemeHu npotiera. [lone
BKJII0YAJIOCh B MOMEHT, KOTJ]a Ha BXOJ| IEPBOM KAaTyIIKU NPUXOJUINA HEUTPOoHbI ¢ £, =80 MdB

H BBIKJIIOYAJINCh B MOMCHT IIpUXOJa HeﬁTpOHOB C El =23.6 MdB. HpI/I 9TOM, aMIUIUTYJda I1OJIA

Hl MOAYJIMPOBaJIaChb TaK, 4TOOBI 00ECIIEUNTH IIOBOPOT HCﬁTpOHHOﬁ [MoJIsIpU3al Ha 3aJaHHbBIN



yroia @ BOKPYT OCH y AJIS BceX HEWTpOHOB B mHTepBaie E, < E < E,. Jlnsg 3TOro He0OX0IUMO

BBINOJIHEHHE YCIOBUS YH |t = ¢, I/ie ¥ - THPOMarHuTHOE OTHOILEHHE JJIsl HEMTpOHa, a f — BpeMs

nponeTa HCﬁTpOHa I[aHHOﬁ BHGPFI/II/I BOOJb KaTymKI/I. B Haliem 3KCHepI/IM€HTC 6I)IJ'IO BI)I6paH0
¢ =7/2. Bropas karymika padorajga KOT€peHTHO C TIEpBOM U, TAKUM 00pa30M, MOJHBIN TOBOPOT
HEUTPOHHOW MOJSIpU3AlMU HAa BXOJE aHalIM3aTopa COCTaBIsI T, T.€., MPOHCXOAUI PEBEpC
nosisipuzanuu. COOTBETCTBYIOIIEE M3MEHEHUE TPAHCMUCCHM, MPOIIEIIIETO 4Yepe3 aHaIM3aTop
HEUTPOHHOTO My4YKa PETUCTPUPOBAIOCH CUMHTHILISIIUOHHBIM JIETEKTOPOM Ha MPOJIETHOH 0aze
12.05 m.

Ecnu mMexay mepBoif U BTOPOH KaTyIIKaMU BKIIOYUTH JOMOIHUTENBHOE TOJE, TO U3-3a
JIOTIOJIHUTEIBHOTO ~ BpAIlleHUs HEUTPOHHOM MOJApU3allMM HAa OTOM YYacTKe, XapakTep
HEHTPOHHOU TPAHCMHUCCUHU U3MEHSETCSI.

B 3KCH€pI/IMeHTC MBI 1/13Mep;m1/1 HCI\/’ITpOHHI)IC TpaHCMI/ICCI/II/I C BBIKIIFOUCHHBIMH
KaTymkamu 7 . W BKIIOYEHHBIMU 7 . 3aTe€M CTPOUIIM OTHOUICHUE:

off on*

_ T, _1+o(E)RR,

T, 1+ PP,

>
rae £, u P, - nonsgpusanuy HEWTPOHOB MPOLIEAIIMX 10 OTACIBHOCTH CKBO3b IMOJIIPU3ATOP U
aHaJIU3aTOp COOTBETCTBEHHO. Bcs mH(popmanus o mosisx, AEHCTBHIO KOTOPHIX HEHTpOHHas
HoJsipU3alusl NOJABEprajach Ha y4acTKe OT IOJIIpU3aTOpa K aHaau3aTopy COIECPXKUTICA B
byHKIIUN (x(E). Ha pwuec. 10,11 noxa3zansl oTHOWIEHUA R Uil CIy4aeB C BBIKIIOYEHHBIM H
BKJIIOYEHHBIM MaJIbIM COJIEHOMIOM. KpacHble TMHUN — MOArNOHKA. DHEpreTudeckas 3aBUCUMOCTh
OTHOWICHHH R cBA3aHa ¢ 3aBUCUMOCTBIO OT JHEPTUU HEMTPOHOB BEJIUYHH OL(E ), B ulP,.

Neutron energy (eV)

Puc. 10. Omnowenue R, ko2oa manwiii cONeHOUO EbIKNIOUEH.
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Neutron energy (eV)

Puc. 11. Omnowenue R, ko2coa manwiii cONeHOUO 6bIKIIOUEH.

Ha 2007 3ammaHupoBaHbl MPOBEACHUS WCCICIOBAHUI MO METOIUKE HM3TOTOBJICHUS W
0T00pa MOHOKpUCTAILIOB LaAlQO,; ¢ uenbio co3/aHus NOJIAPU30BAHHON SAEPHONM MUIICHU JUIs

poBepku  T-MHBAapMaHTHOCTH BO  B3aUMOJACHCTBUM  IIOJIIPU30BAHHBIX HEUTPOHOB €
HOJSIPU30BaHHBIMU sipaMu. Kpome Toro, OyayT npoBOAUTCS paOOThl IO COBEPIICHCTBOBAHUIO
CYILECTBYIOIIETO KPUOCTATA SACPHON MUILEHHU.

1.4.3 Ilouck u uccnedosanue cmpyKkmypvl HOOROPO206bIX HEUMPOHHBLIX P-PE30HAHCO6 HA
U30MONAX C6UHUA MEMOOOM KOMOUHUPOBAHHOU KOPPENAUUOHHOU 2AMMA-CREKMPOCKONUN

C uenplo NpOBEPKH MOJYUYEHHBIX pAHEE IKCIIEPUMEHTAIbHBIX JAHHBIX O CYLIECTBOBAHUU
OTPUIATEILHOIO HEUTPOHHOTO P-pPE30HaHCa y M30TOMNa 297pp, Bmecto “**Pb, kak oxmmanoch Ha
OCHOBaHMM pabOT 1O HAONIOJEHHIO MOBOPOTa CIHMHA TEIUIOBBIX HEUTPOHOB MpHU
B3aUMOJICHICTBUM CO CBHHIIOM, OBUIM IIPOBEAEHBI JONOJHHUTEIbHBIE SKCIEPUMEHTHl Ha
yCOBEpLIEHCTBOBaHHOM ramma-crnekrpomerpe COCOS  kanama Nel peaktopa WBP-2 ¢
MOBBIIIEHHOW 3(PGEKTUBHOCTBIO U ObIcTpojeicTBUEM. [Insi u3ydeHHs SHepreTU4ecKon
3aBUCHMMOCTH XOJla CEUEHHUs paJuallMOHHOIO 3axBaTa HEUTPOHOB B KadyeCTBE MHUILECHEN
HCIOJIb30BAJIMCH JBa 00pa3la ¢ pa3IMyHbIM BECOM U COAEPKAHUEM M3ydaeMbIX U30TOMOB: a) 20
r ¢ oGoramennem 90,4% mo m3otony “*’'Pb u 6) 9 r ¢ oboramennem 51% 1o usoromy **'Pb,
coaepxantum 0,94 r uzorona 207pp,

B pesysbrare npoBeneHUS HECKOJIBKUX CEpUA M3MEPEHUN HAKOIUIEH JOCTAaTOYHBIN
HKCIEPUMEHTANIBHBIM MaTepuall, JUIsl BO3MOKHOW HW30TONHON MICHTU(UKALUU HCKOMOIO
OTPULATENIBHOI'O P-PE30HAHCA U OLIEHKU €r0 apaMeTPOB.

1.5 Hccneoosanusn oenenusn aoep

1.5.1 IHouck 3k30muyeckux moo oenenusn na peakmope UbP-2 ¢ ucnonv3oeanuem ycmanoeku
«Munu-®oboc»

CoObITHs, yKa3bIBAIOLIME HAa BO3MOYKHOCTh CYILIECTBOBaHMsI TPOWHOIO KOJUIMHEAPHOIO
knacrepHoro pacrnaga (TKKP), Obumn BrmepBble OOHapy>KeHbI B CEpUH SKCIEPUMEHTOB IO



M3yUEeHHIO CIIOHTAHHOTO JeIeHus siep - Cf, mpoBefeHHbIX B JIaGOpaTOpHu SIEPHEIX PEeaKIHil.
OKcliepUMEHTAIbHBIE IPOSIBIEHUS TaKOro KaHajla pachaja paccMaTpUBAUCh B paMKax
MIPEATNONIOKEHNS ““HEIOCTAOMIEN” MAaccChl, T.€. NETEKTUPOBAHUS B COBMAJCHUHM TOJIBKO IBYX
TSDKEIBIX KOJUIMHEAPHBIX (DparMEeHTOB, MMEIOIMIMX MEHBIIYI0 CyMMapHyH MaccCy, 4YeM Macca
UCXOMHO JjensAmerocs sapa. JlanHas ‘“Hemocraromas” WKW “NOTEpSHHAS Macca MOXKET
COOTBETCTBOBATh OJHOMY IJIM HECKOJBKUM (parMeHTaM, KOTOpPHIE BBUICTAIOT O] MAalbIMU
yriaaMy K OCH JeNIeHHs U He NeTekTupyrorcsa. Kak mpenmonaraercs, A MOJA0OHBIX MPOLECCOB
KIIIOYEBYIO POJIb HrpatoT obosoueqnbie 3¢ dekrol. OCHOBHBIE pe3ynbTaThl OBUIH IMOJYyYEHBI Ha
ycranoBkax ®OBOC u murn-O®OBOC. OpHuM H3 TIJIaBHBIX NPEUMYINECTB JAE€TEKTOPHBIX
monynen cnekrpomerpa POBOC sBisieTcss BO3MOXKHOCTh HE3aBUCHMOTO H3MEPEHHS BEKTOpa
CKOpOCTH, MacChl W 3apsjna KaxIoW dYacTUIpl 0€3 TpHUBICUCHUS MPEINOI0KEHUH O
KHHEMATHYECKIX 0COOEHHOCTIX MEXaHU3Ma PEaKIIH.

Puc.12. Ycmanosxka Munu-®oboc Hna xaumane 0606 pye 3. Cmapmosblii 1asuHHbIT CuemyuK
peaxmopa UBP-2. C BHYMPEHHeU MULUEHbBIO.

HUccnenoBanus nponomxkuianch B Jlabopatopun HEUTPOHHON (PM3UKU B COOTBETCTBUU C
pemenussMu padouero copemanust ot 21 mekadbps 2004 r. B 2006 roay crnekTpoMeTp MUHHU-
®OBOC 6bul ycTaHOBIIEH Ha KaHaje HeWTpoHoBoaa 6b peakropa WMBP-2 (cm. Puc.12), u
BBINIOJIHEHA cepusd u3MepeHuid. Jlng paboTel B HOBBIX YCIOBMSIX ObUIa HM3rOTOBJIEHA
HOJIEP’KUBAIOIIAs CTOWKA, pa3paboTaH CTApTOBBIM JJaBUHHBIN CYETUYMK C BHYTPEHHEH MUIIECHBIO
(Puc. 13). CrabwipHOCTh HabOpa JaHHBIX oOecreunBajiach KOHAUITMOHHMPOBAHUEM Kak
IKCIEPUMEHTAIBHOIO KaHbOHa 6B, Tak M IOMEIIEHUs C JJIEKTPOHMKOW. B pamkax
BBIIICONMMUCAHHOTO METO/a M3y4asCsl pacraj 236U*, MOJIyYEHHOTO B pPEaKIUU 25U+ ng. Beero
6610 HAOpaHo okomo 6x10° coBBITHI, mpPH 3TOM (PQEKTUBHOCTH CHEKTPOMETPAa COCTABHIIA
npumepHo 1.5%. IlpenBaputenbHblii aHanuM3 YyKa3plBaeT HAa CTPYKTYphl, MOAOOHBIE
0GHAPYKEHHBIM IIPH HCCIEI0BAHNN paciaza siaep - Cf.

1.5.2 H3mepenue noanbix IHEP2eMUUECKUX CREKMPOE 1€2KUX 3APANHCEHHBIX YaACMUY, 6
cnonmannom denenuu >’ cf

DKCIepUMEHT 10 M3MEPEHHIO TOJHBIX SHEPreTHUYECKHX CIEKTPOB JIETKUX 3apsKEHHBIX
YaCTHI[ B CIIOHTAHHOM neneHuu - -Cf 6bur mpoBexeH B saboparopun JYFL (r. FOBsickrons,
OuniIAHaUA). DKCIEPUMEHTalbHAsl yCTaHOBKA Moka3aHa Ha Puc. 14. CrioHTaHHBI MCTOYHMK
nenenust 2>°Cf, msrotosnenublii B PagmeBom uuctutyte (C.IlerepOypr), MMeln akTHBHOCTH



nopsinka 500 nemeHuit B cekyHmy. llomiokka, Ha KOTOPYHO ObUI HAHECEH TOHKWW CJIOU
kanudopHus, npeacTapisia coboi donery uz okucu amoMunus (Al,Osz) Tommunoii 22.2 + 3.4
MKT/cM” ¢ HambuleHHeM ~10 Mkr/cm® cios 30m0Ta. IToTepss SHEPrMH OCKOJKOB IIPH
NEPIECHIUKYIIPHOM MPOX0XKIECHUU Yepe3 MOUIOKKY cocTaBisuia < 1.5 M»sB. Ilotepu suepruun
OCKOJIKOB, BBUJICTAIOLINX C MEpeIHeil yacTh UCTOUYHUKA ObutM He bOombiue 60 k3B. OueHouynas
TommHa ci1ost kanudoprust (CH03) paBHsiercst 3.5 MKr/cM.

Puc. 14. 3KcnepwweHmaJleaﬂ ycmaHoeKka ons USMEPEHUA SHEPeMUUYECKUX CNEeKmpoe J1ecKUx
3APAINCEHHBIX Yacmuy.

B okcnepumeHTE pEerucTpuUpOoBallach JHEPrUs U BpeMs IpOJIeTa JIETKOM 3apsKEHHOMU
YacTUILbl, TIPU 3TOM OTCYTCTBOBAJIM KaKHe-JIMOO MOIVIOTUTENM Ha €€ MyTHU K JETEKTOpYy. JTO
IIO3BOJIUJIO M3MEPHUTh SHEPreTHUUECKUE CIEKTPbl C BBICOKOM TOYHOCTBIO BIUIOTH JI0 CaMBbIX
MajeHbKUX JSHepruii ~0.5 M»dB, 4ro sABISETCS caMbIM HH3KHM IOPOTOM, KOT/1a-Tu00
JIOCTUTHYTBHIM B DKCIIEPUMEHTAX TaKkoro poja. Jlerkue 3apspkeHHbIE YaCcTUIBI PETUCTPUPOBAIHCH
MO3auKaMHU U3 KPEMHHUEBBIX JETEKTOPOB, pACHOJOKEHHBIMM Ha pacctosHuu ~20 cM OT
UCTOYHMKA. B  KadecTBe CTapTOBOrO CHTHajga MCIOJIB30BAINCH OCKOJIKM  JIEJICHMS,
3apeructpupoBanHble ObICTpbiM MKII netexkTopoM, pacroyioKeHHBIM IMOJA MPSIMBIM YTJIOM K
MO3aUKE€ KPEMHHUEBBIX IETEKTOPOB HA PACCTOSIHUM 2.5 MM OT MCTOYHHMKA. 11 AMCKpUMHUHALUU
OCKOJIKOB JICJICHHS OT 6-M3BHBIX aiIb(ha-qaCTHII OT CTECTBEHHOM pagnoakTHBHOCTH ~ Cf Gbina
IPUMEHEHAa CX€Ma COBIAJEHUS CTAPTOBBIX CHUTHAJIOB C CUTHajgamMu oOT 10 KpeMHHUEBBIX
JIETEKTOPOB, PACIOJIOKEHHBIX C MPOTUBONOJI0XHON OoT MKII cToponsl uctounuka. I'eomeTrpus
AKCIIEPUMEHTA IOKpbIBaJia YrioBod auana3zoH oT 70° po 110° BelueTa JE€TrKMX 3apsKEHHBIX
YaCTHI] OTHOCUTEIHHO OCKOJIKOB JieJieHUs. T.e B OCHOBHOM PETUCTPUPOBAIUCH SKBATOPUATIbLHBIE
YaCTULIBI.
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Puc. 15. Dxcnepumenmanvhvie sHepeemuueckue cnekmpwl 011 He (cneea) u "He (cnpasa). /{ns
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He nokazanvi 6k1a0bi 0m UCMUHHBIX Q-4aCmuY, U OM O-4ACMUY 00PA3YIOWUXCS 8 pe3VIbmame

5

pacnaoa “He.

Pe3ynbpTaThl M3MepeHUN I O-4acTHUIl U He npeacrasieHsl Ha Puc. 15. Ha neBom
PUCYHKE HAaHECEHbI JBE KPHUBBIC, KOTOpPbIE MPEACTABISIOT COO0OM pe3yabTaT MOJATOHKU
AKCIIEPUMEHTANIbHBIX JTAHHBIX IS SHEPrui Boilie 9 MaB ¢ y4eToM U3BECTHOTO U3 MPEIBIITY X
u3Mepenuit 17% BkIaga OT O-4acTHI], 0Opa3yIOUIUXCs B pe3yJbTaTe pachaja HecTaOMIbHBIX
usoronos "He B TpOHHOM JeneHuH. BHUIHO, YTO OTKIOHEHHE (OPMBI IKCHEPUMEHTATBHOM
KpuBOW OT ['ayccoBCKOii HE MOXKET OBITh OOBSICHEHO ATOW KoMMIoHEHTOU. Ilo-Bumumomy,
HaJU4Me€ JTOr0 OTKIOHEHHUS CBSI3aHO CO CJIOXHBIM CTATUCTUYECKUM paclpeesieHueM
HAaYaJIbHBIX KOH(QUTYpallMid JEJAIIecs CUCTEMbI B MOMEHT paspbhiBa sapa. Takoe
MPEANOJI0KEHHE KAaueCTBEHHO MOATBEPKIAETCA TPACKTOPHBIMU pacueramu. CreayeTr Takke
3aMETUTh, YTO M3MEPEHHBIH SHEPreTHYEeCKU CHEeKTp O-4acTUI[ COBMAJaeT C JaHHBIMH,
nonyyeHHbIMU Tumenko B 2002 1, 0qHAaKO CYIIECTBEHHO PACXOAMTCS C AaHHbIMM JlaBmanna
1974 rona. [onHbINA SHEPTETUUECKUI CIIEKTP IS He Gbin M3MEPEH BIEPBBIC B 3TOU padoTe.

1.5.3 Iloozomoeka usmepeHuii IMUCCUU MCHOBEHHBIX HEUMPOHOE 8 HelMPOHHO-
unoyyupoeannom oenenuu na ucmoynuke GELINA (IRMM, Geel, benveus)

B HacTosmiee BpeMs AKTyalbHBIM SIBISETCS HCCICIOBAHME  PEAKIHH > Pu(Nyes,f)
23U (Nges,f) € LENBIO M3MEPEHNS KOPPEISAIMIA SMICCHH MIHOBEHHBIX HEHTPOHOB C MACCOBBIMH
pacripesieIeHUsIMI OCKOJIKOB JI€JIEHUS! B HECKOJIBKMX HanOoJiee CUIbHBIX PE30HAHCAaX. Y UUThIBAS
BBICOKYIO  YACTbHYIO  anb(a-pagioaKTUBHOCTh  IUTYTOHHS,  HPHUEMJIEMOE  KauecTBO
CHEKTPOMETPUU OCKOJIKOB JI€JI€HUS MOIJIO OBbITh JOCTUIHYTO C IPUMEHEHHEM COBPEMEHHOMN
TexHuKn I1HdpoBoit 06paboTku curHanoB (LIOC). [Ins ymenbinenus s¢dexra HaloKeHUs
UMITyJIbCOB M3-3a €CTECTBEHHOW paJMOaKTUBHOCTH MHUIIEHEH OBbLIO Takke HeoO0X0IuMo
pa3paboTaTb METOAMKY CIEKTPOMETPHH OCKOJKOB JIEJICHHS C TIOMOIIBI0  TOKOBBIX
IpeyCUINTENeH, KOTOPbIE MO3BOJISUIM YIYUIINTh KAY€CTBO CIIEKTPOCKONMU OCKOJIKOB JETIECHHUS
B pEAKLIUH 239Pu(nres,f). Jlnst pemieHrs yka3zaHHBIX 3a/1a4 B KoJlabopanuu ¢ coTpyaaukamu [IRMM
BIIEpBbIe ObUIa pa3paboraHa yHukanbHas Metoguka [{OC ¢ TOKOBBIMU NpEdyCHIINTENAMHU JUIs
CHEKTPOMETPHUHU OCKOJIKOB JIeICHHUS. BBII cO3/1aH MaTeMaTHYeCKHi anmapat HUGpoBOro aHAIIN3a
UMITYJIbCHBIX CUTHAJIOB [JETEKTOPOB SIACPHBIX YACTHIl, a TaKXke pa3paboTaHO IPOrpaMMHOE
obecnieuenns (I10) mnst muckpermsanuu U cOopa WHGOpPMAIMK C WOHMU3ALMOHHBIX Kamep H
HEHTPOHHBIX J1€TEeKTOpOB. Brlmeyka3anHas wmeroauka u IIO Ol ampoOupoBaHBl ¢
ucrons3oBanueM - Cf(sf) akruBHOCTBIO 30 KHIoGeKkepenb. BBUIM MONyHEHBI pe3ysbTaThl,
XOPOIIO COTJIACYIOIIMECS C TUTEPATyPHBIMU JaHHBIMHU.



Taxoke B konabopanuu ¢ corpynarukamu IRMM Obia pazpaboTrana METOANKA U3MEPEHUS
MHOXECTBEHHOCTH HEHUTPOHOB JI€JICHUS C HUCIOJIb30BAHUEM HEUTPOHHBIX JETEKTOPOB Ha 0aze
xuakoro cuuHtwuiaropa NE213, npenoctaBnennbix konadopauueir DEMON. Beuia co3pana
6ubnuoreka mnporpamMm L[OC, peanusyromux ¢GYHKIMH CTaHAAPTHBIX MOJYJIeH sJepHOU
DIIEKTPOHUKH TaKWX, KaK CHEKTPOMETPUYECKHE YCHUJIMTENH, JAUCKPUMHUHATOPHI CO CIEISIINM
IOpPOrOM, AHAJIOro-UM(ppPoOBOE M aHAJIOrOBO-BPEMEHHOE IIpeoOpa3oBaHue u T.A. bblIo
paszpadorano IIO mus uumdpoBeix ocmwniorpadoB ¢upmsr  Tektronix, MO3BOISIOMIMX
UCMOJIb30BAaHUE MX B KAayecTBE ammapatrypbl Uil OLM(POBBIBAHHUS HMILYJIbCOB JIETEKTOPOB
SJICPHBIX YaCTHUI.

Cathode
4 Ton. chamber 4 ND
e —] ] [ 1]
_> ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
Anode
Flight Path Flight Path

Puc. 16. Cxema 3xcnepumenmanbHoU YCMAaHOB8KU.

VYcraHoBka pacrnosnarajiack Ha 8 METPOBOUM MPOJIETHOM 0a3ze UMITYJIbCHOTO HEUTPOHHOTO
uctounnka GELINA (Puc. 16). Bcero Obuto ucnonszoBano 8 HeWTpoHHbIX aetektopa (HJI)
€MKOCTBIO 110 4 nuTpa Kaxkaslid. PaccrosiHue Mexay uccnenyemoi mumensto 1 HJ[ cocraBuio -
0.75 M. Jlns KanmMOpOBOYHBIX M3MEPEHHIl HCIIONb30Banach MulieHs ~-Cf(sf) akruHOCTBIO 30
KUII00EKepeb.

Jns mopaBneHus (oHa raMma KBAaHTOB HCHOJIb30BAICS aHANU3 (OPMBI HMITYJIBCOB U
U3MEpEHNe BPEMEHH MpOJeTa MTHOBEHHBIX HEeUTpoHOB nenenus (Puc. 17). KamubpoouHnsbie
U3MEpEHMs MPOBOJWINCH KaK C BKJIIOYEHHWEM, TaK U C BBIKIIOYEHHEM Iyyka HEUTPOHOB OT
GELINA.
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1.6 I'amma-cnekmpockonusn HelimMpPOHHO-A0EPHBIX 63AUMOOCHUCMEUIL

[Iponomkaercs aHaiau3 W UHTEPIIPETALMs SKCIEPUMEHTAIBHBIX AAHHBIX JUIS TUIOTHOCTH
YpOBHEH U paJMallMOHHBIX CHJIOBBIX (DYHKIMU IUIMONBHBIX raMMa-TMepexofoB B AHAMa3oOHe
SHEPruM CBsI3W HEUTpoHAa B sAapax u3 obmactu macc 39<A<201. Llenp ananmuza: a) ouLeHKa
BEJTMYUHBI U (OPMBI SHEPreTUUYECKONH 3aBUCUMOCTH KOPPEISIIMOHHBIX (PYHKIMH KyNEepOBCKHX
nap HyKJIOHOB B HAarpeToM sijpe; 0) SKCTpaKIHs MOTEHIHMAIbHO JOCTYNMHOW HH(pOpMAaIuu o
TUHAMHUKE B3aWMOJEWUCTBUSA OOBIYHON M CBEpPXTEKydeil KOMIIOHEHT SJIEpHONM MaTepuu Mpu
M3MEHEHUU SHEPTUU BO30YKIEHUS s1/ipa BIUIOTh 10 HEUTPOHHBIX PE30HAHCOB.

B uactHOCTH, BBINOJHEHA AaNMpPOKCHMALMS IUIOTHOCTHM YPOBHEH mNaplualbHbIMU
IUIOTHOCTSIMU YPOBHEH C pa3IMYHbIM UYHCJIOM KBAa3WYaCTHUI[ C MapaMeTpaMHy, YYUTHIBAIOIIUMU
000J104€YHbIE HEOTHOPOJAHOCTH OJHOYACTUYHOTO CIIEKTpa.

Omnenensl (hakTOpPBI, KOTOPHIE CIEAYET YUYUTHIBATH MPHU MPEHU3MOHHOMN ammpoKCUMAaIH
CYMM PaJIMallMOHHBIX CUJIOBBIX (DYHKIIMI B PA3IMUHBIX SApPaX.

BrinonHeHO comocTaBieHHE PACUETHBIX M AKCIIEPUMEHTAIbHBIX MOJHBIX FaMMa-CIIEKTPOB
B KoOanbTe U xkeneze-57. OHO MpOoAEeMOHCTPUPOBAIIO, YTO IJIOTHOCTh YPOBHEH U paHalluOHHbIC
CHJIOBBIE (DYHKLIMH, ONpeAeieHHbIe 1O pa3paboranHoii B JlyOHe Meromuke 00ecrednBaroT
HaujIy4liee BOCIPOU3BEACHUE HKCIIEPUMEHTAIbHBIX JAHHBIX TAKOTO THUIA U JUJIS JIETKUX sAJIEp.

[Ipu copeiictBum JlyOHbl B XaHOE€ BBITIOJIHSICTCS TMOATOTOBKA K JIKCIIEPUMEHTATIHLHOMY
M3MEPEHUIO ABYXKBAHTOBBIX KACKaJIOB 3aXBaTa TEIJIOBBIX HEUTPOHOB.

1.7 Hccneoosanue peakyuii (n,p) u (n,q)

Ha yckopurene OI'-5 JIH® npoBoAATCs 5SKCIEPUMEHTHI O HM3MEPEHUIO YIJIOBBIX
KOppeJsILIMA B peaKkiuu 14N(n,p)MC B oOnactu »Hepruii HeiltponoB no 1 M»sB. B kauectse
MICTOYHHKA HEHTPOHOB HCIONb3yercs peakuus 'Li(p,n) Be. el Hccle10BaHMI — OIpeecHue
napUUaIbHBIX HEUTPOHHBIX U MPOTOHHBIX HIMPUH PE30HAHCOB I CIMHOB KaHAWOB j = 1/2 u 3/2
U, C UCIOJIb30BAHUEM ITHX JIaHHBIX, OLIEHKA CJIa00r0 MAaTpUYHOIO 3JIEMEHTa U3 pe3yJIbTaToB
HOJISIPU3ALMOHHBIX  SKCIIEPUMEHTOB, TIOIYy4YEeHHBIX paHee. Tekymue (mpenBapUTEIbHbIC)
SKCIIEPUMEHTAJIbHBIE 3HAUEHUSI KOPPEJSALUM BIEepea-Ha3aa nonydensl npu E, = 450, 476, 521,
557, 627, 640, 693 k3B u paBuel 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, coorBercTBeHHO (cM. Pme. 18). JloctarouyHo
BBICOKME 3HaueHus og npu E, = 521 wu 627 k3B Moryr ObITh 00YCIOBICHBI
HECTaOMJIbHOCTBIO/APE(OM 3HEPruM HEHUTPOHOB B TEUEHHM MAJIUTEIbHBIX SKCIO3ULUN Hpu
U3MEpPEHUM B HAIpPaBIEHUU BIepe] U Ha3ad. BMmecre ¢ 3TMMM M3MEpEHUSAMHU INPOU3BOIATCS
paboThl IO YCOBEPILIEHCTBOBAHUIO METOIMKH C LEJIbI0 YIy4IIEHHs TOYHOCTH I0JIy4aeMbIX
pe3yabTaToB. OHU BKIIIOYAIOT B ce0s KaK OCHAIIEHHWE SKCIIEPUMEHTa HOBBIMU JIETEKTOPAaMH, TaK
u 0TpabOTKy Tmporuenypsl 00paOOTKM MaHHBIX. [IpoAomKaroTCs TEOPETHUYECKHUE pacdyeThl U
KOMIIBIOTEPHOE MOJIETTMPOBAHUE MPOLIECCOB.

B paMkax mporpaMmbl IO H3yY€HHIO MEXAHHU3MOB SIEPHBIX PEAKLUN M IMOJIYUYCHHIO
JAHHBIX JJIS SACPHON PHEpreTHku Ha yckoputene OI'-4.5 MHcTuTyTa (PU3MKH TSXKEIBIX MOHOB
npu IleknHckoM yHuBepeutere, Kutail, mpoBenens uccnenoBanust peaxmun * Zn(n,o)’ ' Ni s
HEUTPOHOB ¢ 3HeprusimMu 2.6 u 4.0 MaB. cToYHNKOM HEUTPOHOB CIIYKWJIM PeakLUU T(p,n)3 He
Ha TBepmoir Ti-T mumenu u D(d,n)3He Ha Tra3oBOM neWrtepueBor MuIeHH. [lomyyeHsl
SHEpPreTUYecKrue CHEKTPbl U YIJIOBBIE paclpeseleHusl O-4acTHll, JaHHble 00padaThIBArOTCS.
3aBepiieHa 00pabOTKa NAaHHBIX Mpeablnymux usmepeHuit npu E, = 5 u 6 MbdB, nomyudenst
3HAYCHMS [OJIHOTO U ArbdepeHuaIbHoro cedenns peakuun ' Zn(n,o)° Ni st 3THX SHepruii.

3aBepieHa 06pabOTKA JAHHBIX 110 H3MEPEHHIO cedeHuil peakimu °Li(n,o)T mpu sHeprim
HeiitponoB 1,05, 1,54 u 2,25 M»sB. PaGotel mpoBomsitcss coBMmecTHO ¢ llekuHCKUM
yauBepcuteroM (Kutait) u Jlogzunckum yauepcutetoM (Ilonpima).



[MonroroBneno oOoOpyaOBaHWE MJsl TPOBEICHHS SKCIIEPUMEHTOB C HCIIOIB30BaHUEM
METOJla BPEMEHHU TMpoJieTa HAa HMMITYJIbCHOM HMCTOYHHUKE HEHTPOHOB MOCKOBCKOW ME30HHOMU
¢dabpuku AU PAH B Tpounke u 3arem Ha IPEH B [/{yOHe.
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Puc. 18. Bepxnuii epagpux — omuocumenvHuili 6blx00 npomoros uz peaxyuu ~ N(n,p) " C;
HUMICHUU 2paghux — npedsapumenvHvle 3HAYEHUs. KOPPeIAYUY enepeo-Hasdo.

2. TeopeTnueckue UCCaCAOBAHUS

Oo6HapyxeH 3()QeKT HEHTPOHOCTPHUKIIMM B HEHUTPOHHBIX 3BE3J]aX M PACCUUTAHO €ro
BIMSHUE HA TapamMeTpbl HEUTPOHHBIX 3Be3l. HeHTpoH-saepHOe ympyroe paccesHue
XapaKTepu3yeTcs, B YaCTHOCTH, KOTE€PEHTHOH [UIMHOM paccesHus, KOTopas MPUBOAMUT K
ONTHUYECKOMY NOTEHILMAly B3aUMOJCHCTBUSA HEHUTpoHa co cpenoil. IlonoxurenbHas qjinHa — K
OTTAJKHUBAIOIIEMY, OTpULATENIbHAs — K NpUTATUBaOIIEMY. HeWTpoH-HEUTPOHHOE paccesHUe
TaK)K€ XapaKTepu3yercsi KOTEepPeHTHOH [IMHOM paccesHus, W 93Ta JJIMHA OTpULaTelbHA.
CnenoBaTenbHO, ONTHYECKUH  MOTEHLMAT  BHYTPU  HEUTPOHHOM  3BE3Ibl  SIBISIETCS
MPUTATUBAIOLIUM ISl KaXX0r0 HEUTPOHA, U OH CXKUMAET (CTPUKLMA) 3BE3y B JIOMOJIHEHHUE K
rpaBUTAllMU. DTO CXKATUE HE MPUBOAUT K KOJUIANCY 3BE€3/bl, MOTOMY 4YTO JUIMHA PacCEesSHUS
YMEHBIIAETCS C YBEIMYEHHWEM IUIOTHOCTH, OJHAKO pacueT IIOKa3blBaeT, YTO BIHSHUE
HEUTPOHOCTPHUKIIMU Ha TapaMeTphl 3BE31bl MOXKET ObITh Ooyblie pensTuBu3Ma. Kpome Toro,
3aBUCUMOCTH JUIMHBI PACCESHUS OT MJIOTHOCTH MPUBOAMUT K TAKUM SIBIICHUSM KaK IMyJbCAllUS U
B3pbIBBL. [locnenHee BO3MOXKHO MPU PE30HAHCHOW 3aBUCUMOCTHU JUIMHBI PACCESHUS OT SHEPTUU
HelTpoHa. PaboTa OTKpbIBaeT HOBbIE MEPCIEKTUBBI B U3yUE€HUH 3BE3/1 U JIEMEHTAPHBIX YaCTHII.

Haiineno momnHoe pemieHne 3amaud 00 OTpPaKEHHMM HEWTPOHOB OT Cpelbl C
TeJIMKOMIAJIBHOM HaMarHW4eHHOCThIO0. [1oka3aHo, 4TO MMEET MECTO PE30HAHCHOE OTPAKEHHUE C
nepesoporoM cnuHa. Ha pucyHke 19 mnokaszaHa 3aBUCHMOCTb OT BOJIHOBOIO BEKTOpa
k xoapdunmenta oTpaxkeHuss 0e3 MEepeBOpoTa CIHMHA (CIUIOIIHAS KPHBasi) M C MEPEBOPOTOM
(MyHKTUpHasT KpuBas) NpPU HAYaJbHOM MOJSPU3ALMM HEUTPOHOB B  HalpaBJICHUH,



1 HPOTHBOIIOJIOKHOM OCH z , KOTOpast
napajuliejibHa BHYTPEHHEH HOpMaJln
K 3epKaiy. [Ipn 3TOM
as — —] npeanonaraercs, 4TO
HAaMarHW4eHHOCTh BELIECTBA IIpHU
yAAIEHUH oT IIOBEPXHOCTH
Bpalaercs MPOTUB 4acoBOU

. 0 CTPEJIKH.
IIponomxeno TEOPETUYECKOE
HCCIe0BaHue rporecca

Puc. 19. 3asucumocms xos¢ghgpuyuenma ompasicenus om

HYKJIOHHO mepe3apsaku n+p —
80IHOB020 8EKMOPA.

p + n . B 4acTHOCTH, C NTOMOLIBIO
orneparopa MepecTaHOBKH CIMHOBBIX MPOEKIMII HEUTPOHA W MPOTOHA, JETAIBHO PACCMOTPEHBI
CIIMHOBAsA CTPYKTypa aMIUTUTY/Ibl IEPE3apAIKU n + p —> p + n TPHU HYJIEBOM yIjie U CIUHOBAs
CTPYKTypa aMIUTUTYAbl YIPYroro paccesHus ‘“Hazan’ HeWTpoHa Ha nporoHe. l[lomydensl
COOTHOILIEHUS MEXAY COOTBETCTBYIOIIUMH KOd(h(dUIMEHTAMH B OTUX aMIUIUTyJax.
Y cTaHOBIIEHO, YTO I [IPOLIECCOB NEepe3apsAaKu n+p —> p + n NpHU HYJIEBOM yIJi€ U yIPYIroro
np- paccesHus “‘Hazan’ pazgeneHue TudQepeHIHaIbHOTO CeUeHUs Ha CIUH-3aBHUCSIIYIO W HE
3aBUCSILYIO OT CIMHA YaCTU HPUHYUNUATLHO pa3iuyHo . VIMEHHO B cilydae nepe3apsaku Ipu
HYJIEBOM YIJI€ CIIMH-3aBUCSALIAs YacTh CEUEHHs NPONOPLMOHAIBHA  CEYEHUIO  3apsoBO-
0OMEHHOTO0 pa3Baia JelTpona n+d —

p + ( nn ) B HampaBieHuu “Bnepen’. CrnuH-3aBUCAINAS YacTh JAET OCHOBHOM BKJIaa B
CEUYEeHUE Nepe3apsaKu PU KNHETUYECKUX SHEPTUSIX HEUTpoHOB > 200 MeV .

BrinonHeH pacuer CreKTpa OTHOCUTENBHBIX UMITYJIBCOB JIBYX KOHEYHBIX HEUTPOHOB MPH
3apsA0BO-OOMEHHOM pasBajie aeiitpoHa n +d — p + ( mn ) C y4eTOM CHIIBHOTO nn-
B3aUMOJICCTBUS B KOHEYHOM COCTOSIHUM, HUCIOJIb3YSl AHAJIMTHUYECKUE PEIIEHUs ypaBHEHUS
[lIpenunrepa nms S-BoJIHOBOM (DYHKITMHU ACHTpOHA U (PYHKIIMHA OTHOCHTEIIBHOTO JIBMXKCHHS JBYX
HEUTPOHOB B MOTEHIMATIaX TUMA OPsIMOYTroJibHOM siMbl. [loKa3aHo, B 4aCTHOCTH, YTO MPU MAJIbIX
OTHOCHUTEIIBHBIX HMITYJIbCaX BKJIAJ nA-B3aUMOJCHCTBUS B KOHEYHOM COCTOSIHUM CHJIBHO
npeBanupyeT. C pOCTOM OTHOCHTENBHBIX HMITYJILCOB HAOMIOAaeTcs pe3kui craj (QyHKIUU
pacrpeneseHus.

B 2006 rony nmpomomxaliock HcclieqoBaHuE [ —pacnajga HeltpoHa. s u3BneueHus

XapPaKTEPUCTHK AJICKTPOCIA0OBIX B3aMMOJICUCTBHM M3 TOJYJICITOHHBIX pPaclajoB aIpOHOB
HEOOXOJMMO TOYHOE BBIYUCIICHHWE pAJAMANMOHHBIX TMOMPABOK K OSTUM IIpoleccaM ¢
MOCJIEIOBATEIbHBIM YUYETOM CHUJIBHBIX B3aUMOJICUCTBUNA M CTPOCHUs aApoHOB. C ATOM IIENbIO B
2006 romy ObLTM TOMY4YeHBI W HCCIEIOBAHBI TOXAECTBa Yopja-Takaxamiu, CBS3bIBAIOIINE
BEpIIMHHBIE YaCTH CJIAa0BIX pacmajoB aJAPOHOB W  COOTBETCTBYIOIIHE COOCTBEHHO-
DHEPreTHYeCKUe 4YacTH M AaMIUIUTYJIbl B3aUMOJCWCTBUS aJpPOHOB C DIIEKTPOCIA0BIMU
(kaTMOpPOBOYHBIMHU ) TIOJISIMU. Pe3ysbTaThl padOTHI AIOT BO3MOXKHOCTH OMPEIEICHHO 3aKII0UNTh,
B KaKOW Mepe y4YeT CHJIBHBIX B3aMMOJECHCTBHIA B 3JIEKTPOCIAOBIX IMpoIecCaX MOXKET ObITh
BBITIOJTHEH TOYHO, 0€3 00pamieHust K MpUOIHKCHHBIM OLICHKAM.

3. [IpukaaaHbie H MeTOAMYECKHE HCCIeI0BAHUS

3.1 Hccneoosanus 3InemMeHmHO20 cocmaea u CHMPYKMYpPbl NPUNOBEPXHOCHIHBIX C10E6
meepovix men Ha yckopumene -5

B 2006 romy B corpyauuuectBe ¢ Hucturyrom @Pusuku YMKC Obuid BBIIOJIHEHBI
AKCIIEPUMEHTHI TI0 UCCIEAOBaHUIO CBOMCTB GaAs MMIUIaHTUPOBAHHOTO MOHAMU In ¢ 3Hepruei
250 k3B 1 no3oit 3x10'® cm™. Jl1st Toro, 4T06H OMpeaeTUTh K0dhbUIHEHTH Aubdy3HH HHANS B
apCeHu/Ie TaJuIns 4acTh 00Pa3IoB MOCIIE UMIUIAHTALUN TIOABEPrajach H300apHUECKOMY OTKHTY



B atMocgepe aprona mpu Temneparypax 600° u 800°C B Teuenme 0,5 u 2-x uacos. 3arem,
IIOBEPXHOCTh 00pa3l0B MOKphIBajach 3alMTHBIM cioeM Si3N4. VccrnenoBaHusi riryOMHHBIX
npouiIei 3JIEMEHTOB BBIIOJHIIUCH HAa yckoputene DI'-5 ¢ ucrnonp3oBannem Meronuku RBS.
B pesynbrare Obuin omnpeneneHbl Heu3BecTHbIE paHee ko3 unuentsl qudpdys3un In B GaAs B
TemmepatypaoM guanasore 600-800°C. Taxke MCCIeIOBANMCH ONTHYECKHE mapameTps! (n, k)
UMIUIAaHTUPOBAHHBIX NMOBepXHOCTEH GaAs ¢ MOMOILBIO ITUIICOMETPUYECKON METOTUKH.

['myOuHHBIE pOQMIN BOJOPOA, UMIUIAHTUPOBAHHOTO B KPEMHMI mpu sHepruu 12 k3B,
ObUIM KcclieoBaHbl ¢ oMok MeToauk ERD Ha 6a3e anekTpocraTuueckoro reneparopa Il -
5. Ilpm po3e uWMIUTaHTAlMUM BOAOPOJA 2x10'® cM? 0OKa3a7m0Ch BO3MOXKHBIM ONPEAEITUTH
IpeeNbHy0 aTOMHYI0 KOHLIEHTPALUIO, KOTOpasi MOKET ObITh U3MEPEHA C MOMOIIBIO METOIUKU
ERD npu sueprun nonos renus 2,332 MaB. Ona cocraBuia 0,5 at.%. [lpu no3e nMiuianrauuu
Bogopoga 10" oM™ aTomHas KOHIEHTpalMs BOZOPOJA B KPEMHHMH  COCTaBmsma 3% u
oTpeneNsiach JTOCTaTOYHO TOYHO. Ilpm 00paboTke COOTBETCTBYIOIIErO CIEKTpa MPOTOHOB
OTJauu NpOBEJIeHa OLICHKAa MpPeJebHON IITyOuHbI, TOCTHXKUMOM ¢ oMol Metoauku ERD
IIPU SHEPrUU MOHOB renus 2,332 MaB, ona cocraBiiser 2MKM.

B 2006 romy mnpojoipkaiauch Takke MeTroandeckue pazpaborku. C 1enbro pa3BUTHS
TEXHUKU HUMIUIAHTAUMU OBLI HCCIEIOBAaH MEXaHW3M TEHEpallMd HOHOB B IUIA3MEHHBIX
MCTOYHHUKAX, X SKCTPAKLUU U (POpMUPOBAHMS HOHHBIX IIy4KOB. B yacTHOCTH, /U1 MJ1a3MEHHOTO
MCTOYHUKA MOHOB BBINOJIHEH YHPOLIEHHBIN aHAIU3 MPOLECCOB, MPOUCXOIANIMX B IUIa3Me, Ha
OCHOBE KOTOPOI'O MOJYy4€Hbl aHAIUTHUECKUE BBIPAXKEHUS 11 HOHHOTO TOKa U 3(pdeKTuBHOCTH
MOHHOTO MCTOYHMKA, a TAKXKE YKa3aHbl (DaKTOPHI, OMpeesIstoniie 00a mapamerpa.

B cotpyanuuectBe ¢ DnekTpoTexHU4ecKuM HHCTUTYTOM CrnoBankoit AH mpopomkanuce
HKCIEPUMEHTHI 10 HCCIEJOBAaHUIO TEMIEPATYpHOU CTAOMJIBHOCTH CIOMCTBIX CTPYKTYp THIIA

Ru/HfO,/Si, Ru/HfSiO/Si u Ru/HfSiON/Si, wusroroBiaeHHelx ¢ nomompio CMOS
(complementary metal-oxide-semiconductor) Texnomoruu. Metoquka RBS Ha 0Oaze
ANEKTPOCTATHYECKOTO TreHeparopa OI'-5 mo3Bonmia OOHAPYKUTH CYIICCTBCHHYIO DPa3HUILY

MEXIy dTUMHU CTpyKTypamu. B To Bpems kak uzonupyromue ciou coctaa HfO, moka3siBaroT

cnabyro nuddysuio Ha 06eHX TpaHMIEax yxe mocie omkura mpu 800°, crpyxrypsr ¢ HfSiOy
CIOSMU JIEMOHCTPUPYIOT TOJHYIO CTaOMIBbHOCTH TpU DITON Temieparype. A HadalbHas
maddysust 3THX cI08B HaGmogaercs npu Temieparype omknra 900°C. OHAKO MPH OTXKHIrE 10
1000°C cyuiecTBeHHast U Qy3us, KaKk B CTOPOHY MOJAJIOKKH, TaK U B CTOPOHY BHEILIHETO CIIOS
MPOMCXOIUT Y CIOEB 00OUX THIIOB. DTO UCCIIEAOBAHHE ITOKA3aJ0, YTO MPUCYTCTBHE aTOMOB Si B
JTUDIIEKTPUYECKUX closix Ha ocHoBe Hf moBbimaeT TepMOCTaOUIBHOCTH 3TUX CIOEB, YTO
aBisgercs cyuecTBeHHbIM Uit CMOS texHomoruu.

Pa3paboTka METOOUKH «MEUEHBIX» HEHUTPOHOB Ha BTOpoM KaHaie OI'-5 u mepBbie
pe3ynbTarhl €€ MCIONb30BaHMsI 111 OOHAPYKEHHsI CKPBITHIX BELIECTB ObUIM IMPEACTABICHBI B
noknane Ha XVI MexayHaponHoil KOH(PEpEeHIUU MO SIEKTPOCTATHYECKHM YCKOPHUTEISM U
MIy4YKOBBIM TEXHOJIOTUSIM B OOHUHCKE.

[IpoBeneHO HccienoBaHUE COAEPIKAHUS TSKENBIX IEMEHTOB B 3y0ax IOl pa3IndHOro
BO3pacTa W mpodeccuii, MpOKMUBAIOUINX B PA3IWYHBIX YCIOBUSAX. DJIEMEHTHBIM aHaln3 ObLI
BBITIOJIHEH C ITOMOIIIBIO SAepHO-(Du3ndecKkux aHanuTrudeckux metoauk PIXE u RBS.

3.2 Ananumuueckue uccie006anus ¢ nPUMEHeHuem Memooa HelmpoOHHO-GKMUGAYUOHHO20
ananuza (HAA) na peakmope UbP-2

buomonumopune

B pamkax mexmyHapoaHON mporpaMMbl « ATMOC(EpPHBIE BBIMAICHUS TSKEIbIX METAJIOB
(TM) B EBpomne — o1ieHKH Ha OCHOBE aHajlIM3a MXOB-OMOMOHHUTOPOBY 3aBEpPLICH OOJIBLION ITUKI
paboT, CBS3aHHBIX C OJHOBPEMEHHBIM cOopoM o00pas3ioB B 2005-2006 rr B psae pailoHOB
HentpansHoit Poccun, HOxnoro VYpama, benopyccun, bonrapum, Cnoakum, [lonbim,
Pymbranu, Cepbun, Makenonuu, XopBaTuu W ['penuu il TIPOBEICHHUS MHOTO3JIEMEHTHOTO
aKTUBAIIMOHHOTO aHanu3a Ha peakrope MBP-2. PesynbraTel ananmsa mo 13 anementam: Al, As,



Cd, Cr, Cu, Fe, Hg, Ni, Pb, Sb, Ti, V u Zn Oynytr nepemansl B EBpomeiickuii ATiac
aTMocdepHbIX BblMazeHudt TM. AHalOrMYHbBIE MCCIENOBAHUS NPOBEAEHbl B MOHroauu u
Boername. OcoOblii MHTEpEC NPEACTABISIIOT PE3yJIbTaThl aHaIM3a MXOB-OMOMOHUTOPOB U3
ounochepubix 3anoBeqHukoB (IIpmokcko-TeppacHoro u BopoHexckoro), mHOJIy4deHHblE B
cotpyaauyectse ¢ MHCTUTYTOM Ti00anpHOTO Kinumara u skonoruu (Mocksa). [lapannensHo ¢
o0pa3llaMu Mxa M3 3al0BEHUKOB MPOAHAIN3UPOBAHBI a3p030JbHbIE (DUIBTPBI, YTO MO3BOJIMUT
YCTaHOBHUTH KOPPEISALHUIO MEXIY 3JEMEHTHBIM COJCpKAHHEM B BO3AyXe M aTMOc(epHBIX
BBINAJICHUAX BO MXaX-OMOMOHUTOPAX.

IIpoBeneHsl MccaenOBaHUS  BO3AYIIHBIX — 3arpsi3HEHUM C  TOMOINBIO  aKTUBHOTO
OMOMOHUTOPHUHIA - SKCIO3MIMU CyXOoro Mxa (moss-bags) - B yCIOBHAX T'OPOACKOH cpeibl B
[Mo3nanu (Ilonpmra); baita Maps (Pymsiaust), Codun (bonrapust), Adunsr (I'perust) u B [{yOne,
B pailOHE MOJIMIOHA OBITOBBIX OTXO/I0B.

Ouenka cocmosanun IKocucmem

3aBepiieH HAA K0JOHOK JOHHBIX OTIIOKEHHM, OTOOpaHHBIX Ha mienb(pe YepHOMOPCKOTO
nobepexbs Pymbinuu. CoBmectHo ¢ UOUH (byxapect) u Byxapectckum YHHUBEpCUTETOM
OyJeT clienana OlleHKa peTPOCHEKTUBHOTO 3arps3HEHUS 3TOTO PErHoHa.

MmuorosnemenTHbIi HAA KoJIeKuuu a’spo30ibHBIX (QUIBTPOB PAa3HBIX JIET, MOMYyUYEHHBIX
u3 bparucnaBpl, MO3BOIUT OXapakTepU30BATh JUHAMUKY 3arpsi3HEHHS aTMOC(HEphl CTOJHUIIBI
CiioBakuM TsHKENIBIMU METaJUIAMHM 3a nociiegHue 15 ner.

[Iponomkena paboTa TO W3YYCHUIO HEICIBHBIX ITUKIOB COCTOSHUS aTMOCQEpPHI
(3meMeHTHOTO coaepKaHusi a’3po30ibHBIX (GuiubTpoB) Bemmkoit Kaupckoit gonmunsl (Erumer).
HoBble pe3ynbrarel NOATBEpAWIM paHee IOJYy4YECHHBIC JaHHbBIE O CYLIECTBOBAHUM TakK
Ha3bIBaeMoro «3(dekTa BIXOIHBIX JTHEH», KOTOPhIE B apaOCKOM MHUpe MPUXOAATCS Ha YETBEPT-
[ATHUILLY.

CoBmectHo ¢ VYuuepcurerom B Omnone (Ilonbiia) BBIMOTHEHO KOMIUIEKCHOE
HCCIIEOBAHUE 10 OLICHKE COCTOSIHMS OKPYJKAIOLIEH CPelbl HA «aHOMAJIbHOM TEPPUTOPUU» HA
3amane [lomblnm, XapakTepu3yrolleWcs IOBBIIIEHHBIM pPAaJUOAKTHUBHBIM (OHOM BCJEICTBUE
UepHOOBUIbCKOM aBapuMl M TEXHOTEHHBIM BO3JIEHCTBHEM NPOMBIIIICHHOCTU. [IpociexeHa
€CTECTBEHHAsl MMIpalus psia SJIEMEHTOB B IOYBEHHBIX pa3pes3ax, a Takxke mnpoBeneH HAA
pacTeHN-0MOMOHUTOPOB U 'PUOOB KaK aKKYMYJISTOPOB TOKCUYHBIX 3JIEMEHTOB.

[Tpu ygactuu yHuBepcureta «/lyOHa» M3yueHO pacmpeesieHrue psiia TSHKEIbIX METaIOB
BOJIM3M TPaHCTIOPTHBIX pa3Bs3ok B Jlyone u Mockse (IllenkoBckoe 1 MuHCKOE 1mIocce).

3aBepiieHa pabora mo aHanu3y 200 oOpa3loB MouYB W3 pailoHa CBUHIIOBO-IIMHKOBOTO
koMOnHaTa B MakeJOHUH M TIOCTPOEHBI KapThl pAaCHpPEeICHUH OCHOBHBIX 3JIEMEHTO-
TOKCHUKAHTOB.

IIpooykmoel numanusa u 300poeve uenosexka

B 2006 romy 3aBeprieH OOJBIION IUKI pabOT MO aHAIW3Y MPOAYKTOB NMUTAHUS H3 C
LEJIbI0 OLICHKU IOCTYIJIEHHSI MUKPO3JEMEHTOB B OPraHU3M YEJIOBEKA C MPOAYKTaMU NMHUTaHUs
(LlentpanbHas Poccus) u Bo3eiCTBUSL BpEAHBIX IPOU3BOJCTB HA KAYECTBO MPOAYKTOB MUTAHUS
(Pymbinus).

B pamkax koopauHanmoHHod mporpammbl MAI'ATD «Bo3neicTBue TOKCHYHBIX U
NOTEHLUMAIbHO TOKCHUYHBIX DJIEMEHTOB Ha JKEHIIMH pPENpPOAYKTUBHOIO BO3pacra B
pasBuBarmuxcs crpanax» (Exposure to toxic and potentially toxic elements in women of
childbearing age in developing countries) coBmecTHO ¢ PoccuiickuM TrocyaapCTBEHHBIMU
MeAUIMHCKUM yHUBepcuteroM (MockBa) W AHaIUTHYECKUM ILeHTpoM ['eonoruueckoro
uHctutyTa PAH ObUT mpoBeeH MHOTORJIEMEHTHBIH aHaau3 o0pa3oB KpoBH 60-U crerragbHO
no100paHHBIX MaIMEeHTOB. AHanu3 npoBoauics ¢ npumenenueM HAA na peakropax WBP-2 B
Jy6one 1 MU®U; cBuHel, KaAMUN U PTYTh ONPEEISIIMCh METOAOM aTOMHOM a0COpOLMOHHOM
crnekrpomerpuu B I ITH PAH.



buomexnonozuu

CoBmectHo ¢ HuHctutyrom ¢usukn AH ['py3unm momydeHbl HOBBIE pe3yJbTAaTHI IO
OTpeJieNieHHI0 XpoMa B OakTepuanbHbIX oOpasimax Arthrobacter oxidans. Otu OGakrtepuu,
BBIJICJISIEMBIE W3 MPUPOJHBIX 0a3ajbTOB, MOTYT HCIOJIL30BATHCS I U3MEHEHHSI BAJICHTHOCTHU
xpoma (mepeBoa TokcuyHoro Cr-VI B Hetokcnunyto popmy Cr-III), uro npencrasnser Gonbiion
HAYYHO-TIPAaKTHYECKUI WHTEepec. DTH pe3ysbTaThl, OIyOJUKOBaHHBIE B XypHaie Analytical
Chemistry (CILIA) moayunau BEICOKYIO OIICHKY crieruanuctoB MAT'ATD.

Apxeonozcusn

B pamkax corpynnudecuBa ¢ YauBepcutetoMm B Ckomnbe 1 My3ses Ucropun u apxeonoruu
MakenoHMM BBIMOJTHEH aHAW3 KEpaMHUK PUTYalbHBIX COCYIOB (aM(pop) M COCKOOOB € HX
BHYTPEHHEN MOBEPXHOCTU. Pe3yibTaThl aHAIM3a MO3BOJIAT IPUHATHh UM OTBEPTHYTh THIIOTE3Y O
COJIEP’)KUMOM 3TUX aMmop.

Hoevie mamepuanwi
[IpoBenen HAA pyOumuii-comepkalmmx COCIUHEHUN, MCIOIb3YEMBIX B KCIEPUMEHTAX
HBO0®KC no peHTreHOBCKOW U HEUTPOHHON AU(paKIIUU.

Yueonwiit npoyecc

Ha 6aze ycranoBku PEI'ATA B panmoananutuueckoil nadoparopuun Ha UBP-2 B 2006
rogy npoBonuics IlpakTukym nOnsi CTYJEHTOB cCTapliux KypcoB YHuBepcutera «JlyOHa» u
Mexnynapoanbix 1lkosn, opranusyemsix YHI[ OMSN. 3a otderHblil nepuoa Ha 0aze cekropa
HAA Obutn BbIonHEHbI 2 GakaiaBpckux U 5 marucrepckux padot. B 2006 roay 3amuiieHst 2
KaHIUAATCKUE TUCCEpTallMy 110 MaTepuasam, oJly4eHHbIM B cekTope HAA.

Opzanuzayus coeewyanuil
B 2006 romy Benace mnoArotoBka B MexayHapoAHOMY coBemanuio Komuccun
opranmsanu obbemuHeHHbIX Harmii “The 20" Task Force Meeting of the UNECE ICP
Vegetation and Long-Range Atmospheric Transport of Pollutants”, kotopoe OyneT mpoxoauTs B
Hy6une B mapte 2007 roza.



2. NEUTRON SOURCES
2.1. PULSED REACTOR IBR-2

In the year 2006 the IBR-2 reactor operated for ~2334 hours for physical experiments (see
Table 1).

The main results on the IBR-2 modernization in 2006:

1) The main task of the year — manufacturing of fuel assemblies (FA) for the IBR-2M reactor —
has been successfully fulfilled. In July 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 (~ 40 %). The FLNP specialists have
performed the work with a high quality.

2) InJINR EW:

. 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).



The operation parameters of the IBR-2 reactor in 2006.

Table 1

Cycle Ne 1 2 3 4 5 6* 7 8 9
Ne Bcero:
Time of evele 16.01- | 13.02.— | 13.03.— | 10.04- | 16.05— | 04.09.— | 16.10.— | 13.11.— | 04.12. -
y 27.01. 24.02. 24.03. 21.04 26.05. 29.09. 27.10. 27.11. 18.12
| |Operation for physical 258 261 265 259 260 142 261 316 312 2334
experiment, hr
2 |Operation of MR-3, hr 272 296 276 273 276 205 276 336 339 2549
3 |Generated power, MW hr 390 394 400 393 395 215 395 479 473 3534
Number of emergency
4 shutdowns (AES) ! 0 0 ! 2 ! ! ! 2 ?
5 |Due to:
* Voltage drops 1 2 1 1 1 2 8
* Instrumental malfunction or
failure
* Electronic equipment failure 1 1
* Personnel errors




3)

4)

S)

Nk LD —

Safety Control System (SCS) 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 INEUM the work to develop CM system was continued.

In JINR EW a prototype model of KO drive was manufactured, work on a prototype
model of emergency shutdown system drive is in progress.

Moderator complex for IBR-2M.
The following work is in the completion stage:

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).

In FLNP the calculations and experimental work on transportation of CoH), pellets were

performed; design documentation on pellet generator was worked out.

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

The financing of works on the IBR-2 modernization in 2006 can be seen from Table 2.

Table 2
Financing of the IBR-2 modernization in 2006 (k$)

1995-2005 2006

Plan 2840 700

JINR Actual 2280 675
% 80 96

Plan 2370 420

Rusatom Actual 2144 420
% 90,5 100

Plan 5210 1120

Total: Actual 4424 1095
% 85 98

Plans for 2007.

Defueling of the IBR-2 reactor.

Design and manufacturing of the IBR-2M safety control system (SCS).

Delivery of the IBR-2M reactor vessel from NIKIET.

Beginning of dismantling of the primary equipment.

Completion of works on stationary reflectors in JINR EW.

Design of working documentation of cryogenic moderators in NIKIET.

Manufacturing and delivery of cryogenic equipment from “Heliymash”.



Development of the complex of broad spectrum neutron moderators («combi-moderators»)

N —

98]

8.

9.

for the modernized research reactor IBR-2M in 2006:

The technical project of the complex of neutron moderators for IBR-2M was worked out.
The contract (with SSDI and “Heliymash) on the project of engineering design of the
cooling system for cold moderators and the contract with the Barber-Nichols firm on the
supply of helium coolant circulator were signed.

The project of tracing of helium tubes was fulfilled.

The calculations of spectral characteristics of neutron beams were completed, taking into
account the real geometry of the moderators determined by the technical project.

The experiments to obtain spectra of cold neutrons from the moderator composed of a
mixture of mesitylene and m-xylene in the temperature range from 10 K to 50 K were
conducted. The results of preliminary processing were obtained.

The experiments to transport pellets in a gas flow both in a straight tube and in smooth
bends of the tube in the range of gas rate of 5 — 12 m/s, as well as the experiments to fill the
pellets into a prototype of the moderator chamber were completed.

The work on mathematical computer simulation of gas-dynamic forces and pulses
influencing a pellet moving in the tube was performed; resistance coefficients as functions
of the pellet and gas rate were obtained.

The concept was experimentally substantiated and the engineering documentation was
worked out in order to manufacture a “pilot” copy of a device for the dosed feed of pellets.
The manufacturing of a “pilot” copy of the device for mass production of solid pellets of the
mixture of mesitylene and m-xylene was started.

In 2006 the research and design works, which are necessary to issue the working documentation
of the whole moderator complex and its technological part were completed.

Plans for 2007:

To publish reports and papers on research works carried out in the frameworks of the project
of the complex of neutron moderators.

To work out (partially, according to the amount of financing) working documentation of the
whole complex of moderators and its technological part.

-3.00 -1.78 -0.5 0.7 1.89 3.11 4.32 5.5 6.78 B.00
Velocity u (Contour 1) x
Im s%-1]

Fig.1. Profile of gas rates (longitudinal, along the tube), when a pellet 5mm in
diameter moves in the tube 17mm in diameter; gas rate — 8 m/s, pellet rate — 3 m/s.



2.2. The 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 assembling of the
available equipment of the first stage of the LUE-200 linac.

1. Decommissioning of IBR-30:

In accordance with the approved working schedule of the decommissioning the following works

were carried out:

e «The report on the estimation of condition of the nuclear and radiation safety of the
Research Pulsed Reactor IBR-30 in 2005» was prepared and submitted to the Rostehnadzor
of RF.

e All the equipment from the reactor hall except for beam shutters, which will be used for the
first stage of IREN, was dismantled and moved to building 117/b.

e All rooms of building 43 adjacent to the reactor hall were cleared.

e The inspection and repair of the entrance into the reactor hall were performed.

e The decontamination and preparation to the repair of the reactor hall were carried out.

Fig. 1. The IBR-30 reactor hall in the process of fuel assembly unloading and after the preparation
to the repair.

2. Works on the LUE-200 linac:

e Theoretical substantiation of a possibility to obtain the necessary parameters of the
electron beam at the first stage of the linac completed.

e The MK1 klystron modulator was mounted at the regular place and adjusted.

Fig. 2. Mounting of the focusing solenoid (left) and electron gun (right).



e The modulator was mounted at the regular place and also the pulsed transformer for the
electron gun.

e Test assembly of the SHF path of the first section was carried out.

e Power frame of the vacuum pump system of the LUE-200 first section was completed.
The test assembly was carried out.

e Test assembling and certification of the buncher coil were carried out.

¢ In building 43 mounting of the focusing solenoid of the first accelerating section was
performed with geodetic tie.

e The electron gun was mounted at the regular place.

e By the end of the year pipeline laying-out of the water supply for the system of water-
cooling and thermostabilization of LUE-200 will be completed.

. Plans for 2007:

All the works planned for 2007 are in the framework of the approved budget of theme 0993:
Completion of working drafts of power supply, water supply and automated radiation
control (ARC) for LUE-200.

Development of the project documentation for the non-multiplying target.

Manufacturing and mounting of the non-multiplying target.

To complete equipment and to mount the power and water supply systems, as well as ARC.
Completion of repair of the room for the main control panel (MCP) and rooms 204-209, 306
in building 43.

Repair of the hall for the non-multiplying target.

Mounting of equipment for the automated monitoring and control system (AMCS) including
MCP.

Completion of mounting of the LUE-200 equipment: 1-st accelerating section, klystron
5045 (SLAC), SHF-feeder, intermediate areas with beam diagnostics devices, simulator of
the 2-nd section, quadrupoles, transport channel, vacuum system, power supply system for
electromagnets of the focusing system, magnetic spectrometer.

Start-up and commissioning work, testing of the linac equipment.

Complex start-up of the linac.



2. HEUTPOHHBIE UCTOYHHUKH
2.1. AMIIYJIbCHBIA PEAKTOP UBP-2

B 2006 r. UBP-2 orpaboran Ha ¢uszndeckuit sxcriepuMeHT ~ 2334 gaca (cm. Tabmuiy 1).

OcHoBHbIe pe3yabTaTrhl 10 Moaepuuzauuu UBP-2 B 2006 r.:

1) beua ycnemHo pemieHa IiiaBHasi 3ajada rojla — U3TOTOBJIECHHE TEIUIOBBLACISIONUX COOPOK
(TBC) nns peakropa MBP-2M. B utone 2006 r. Opuia momydeHa JUIEH3UsSI HA U3TOTOBJICHHUE
TBC B OUSMN, a 12.07.2006 r. cobpana nepsas TBC B mpuCyTCTBUH CHIEIUATLHON KOMUCCHH.
16.11.2006 r. pabota Oblia 3aBepiieHa: usrotonieHo 89 TBC, uto obecneynBaeT CTapTOBYIO
3arpy3ky HoBoro peakropa (63 TBC) u 3amac Ha Bbiropanue (~ 40 %). PaGoTa BbImogHEeHa
cnenuanuctamu JIH® ¢ BBICOKMM Ka4eCTBOM.

2) B OIl OUSU:

- 3aBCpIJ_ICHO HU3TOTOBJICHUC OTKATHBIX 3alllWT, MPOBCACHA HX KOHTPOJIbHAA c60p1<a n

HUCIIBITAaHUA,

. H3roroBieHsl oOpraHbl peryJupoBaHUs peakTopa (OJIOKM aBapuUWHON  3aIlUTHI,
KOMIIEHCUPYIOIINE PETYISITOPBI, PyYHOI PErymisTop).



[Toxazarenu pabotsl peaktopa UBP-2 B 2006 r. Tabnuya 1
Ne mukJjia 1 2 3 4 5 6* 7 8 9
Ne Bcero:
Boemst uKkaa 16.01- 13.02.— | 13.03.— | 10.04— | 16.05- | 04.09.— | 16.10.— | 13.11.— | 04.12.—
P 1 27.01. 24.02. 24.03. 21.04 26.05. 29.09. 27.10. 27.11. 18.12
| |Padora na dusmieckuil 258 261 265 259 260 142 261 316 312 2334
9KCIICPUMEHT, Yac
2 |Hapab6ortka I10-3, yac 272 296 276 273 276 205 276 336 339 2549
3 |Pnepronapadorka, 390 394 400 393 395 215 395 479 473 3534
MBrT-4gac
4 Komxlquecnvao cpabaTbIBaHUN 1 0 0 1 ) 1 1 1 ) 9
aBapuifHO# 3amuThI (A3)
5 |llpuuunsl cpabaTbiBanuii A3
* MOCAJKU HAIPSIKEHUS 1 2 1 1 1 2 8
* HCHCIPABHOCTH U OTKAa3bl
o0opyaoBaHus
* cOOHU B 3JIEKTPOHHOM 1 |
ammaparype
* OIIMOKYW MepCcoHalIa




3) CVY3 UBP-2M:

3aBepiieH omnbITHBIM oOpazen ACY3 (CHUUII-CUCTEMATOM), npoBoasdrcs ero
ucnbITaHus Ha peakTtope MBP-2.

B CHUUII-CUCTEMATOM Hauatel pabotsl mo mraTHod ACY3, BKItouYas HOBBIH
MyJIbT YIIPaBJICHHUS,

B UH3VYM nponomkanick paboThl O CO3JaHUIO CHUCTEMBI KOHTPOJIS TEXHOJIOTHYECKUX
rapaMeTpoB;

B OIl OUSUN wusroroBineH ombITHBIM oOpazer; nmpuBoga KO, Bemercs paborta Han
OTBITHBIM 00Pa3IOM MPUBOA ABAPUITHOM 3aIIUTHI.

4) Kowmmiekc 3amennutenein UbP-2M.
B craguu 3aBepiieHus crneayoomnme padoTh:

S)

NN kWD =

Nzrorosnenue KI'Y-700/15 B «I enuiimariey;

Texauueckuii MpoeKT COOCTBEHHO 3aMeIuTeNel i 3-X HampaBJIeHHu: 2-3 mydku, 4-6
nyuky, 7-11 myuku (HUKHUDT);

[Tpoekt Texnonorunueckoit yactu (I'CITN);

Pabounii mMpoeKkT KpUOTeHHBIX TPYOOIPOBOJOB M IMPOMEXYTOUHBIX TEINIOOOMEHHUKOB
(I'enuiimarn);

B JIH® BbIMONHEHBI pacyeTHblE M SKCIEPUMEHTaJbHbIE PabOTHl MO TPAHCHOPTHPOBKE
mapukoB CoH,, pazpadorana KJ| Ha remepaTop mapukos.

Pazpabotana, cornacoBana u yrBepxkaeHa «IIporpamma pabot Ha peaktope UBP-2 B pexxnme
BpeMeHHoro ocranoBa (2007-2010 r.r.»), a taxke rpadux padot mo moaepuuzanuu MBP-2 B
MepHOJ BPEMEHHOTO OCTaHOBA.

dunancoBoe obecnieuenne padot no mojepuuzanun MBP-2 B 2006 r. BuaHO 13 TabIMUIIBI 2:

Tabauua 2
dunancupoBanue npoekta moaepuusaiyu UbP-2 B 2006 r. (k$)

1995-2005 2006

[1nan 2840 700

onsu dakT 2280 675
% 80 96

[Tnan 2370 420

PocaTom dakT 2144 420
% 90,5 100

[Tnan 5210 1120

Bcero: daxr 4424 1095
% 85 98

Ilnanbl Ha 2007 1.

Pasrpy3ka aktuBHOM 30Hb1 UBP-2.

Pazpabotka u usrotosnenue CVY3.

[TocraBka xkopnyca peakropa UbP-2M n3z HUKUOT.

Hauano nemoHTaXHBIX pabOT O OCHOBHOMY 00OPYAOBAHHUIO.
3aBepiieHue padoT mo cranroHapHbIM oTpaxarernsim B OIT OMSN.
Pazpabotka P/l kpuorennsix 3ameanuteneit B HUKUIT

W3rorosneHue u nocraBka u3 «l enuitmaniay KpUOreHHOT0 000py10BaHMUS.



Pa3paboTka koMIuIekca 3aMeuIUTe 1€l HEMTPOHOB HIMPOKOIO CIIeKTPa

(«komMOu-3amMenuTeel») 1JI MOAEPHU3NPYEMOT0 HCCea0BaTeIbcKkoro peakropa UBP-2M:

N —

9.

BrinonHeH TeXHUUECKUI NPOEKT KOMILIEKca 3aMeuTeneil HeuTpoHoB aist UBP-2M.
3akmtoueHn goroBop (¢ I'CIIM um «['enmitmamn») Ha MPOEKT TEXHOJIOTMYECKOM YacTu
OXJAKICHUS XOJIOAHBIX 3aMENJIMTENICH; 3aKIIO4YEeH JOrOBOp Ha TIOCTaBKYy TIE€JIMEBOM
ra3onyBku ¢upmoit Barber-Nichols.

BbInonHeH NpoeKT TPacCUPOBKU IeJINEBBIX TPYO.

3aBeplIeHbl pacyeTbl CHEKTPAJIbHBIX XapaKTEPUCTHK  HEUTPOHHBIX IYYKOB C YYETOM
peaJIbHOM T€OMETPUH 3aMEINTENEH, ONPEACIIEHHON TEXHUUECKUM ITPOEKTOM.

[IpoBenieHbl 3KCIEPUMEHTHI 110 U3MEPEHUIO CIIEKTPA XOJIOJHBIX HEHTPOHOB U3 3aMEIUTENs
B BUJI€ CMECH Me3uTWwieHa U m-kcuiona npu temneparype oT 10 K go 50 K. IToxyuenst
pe3yIbTaThI MIPEIBAPUTEIHEHON 00PaOOTKH.

3aBepIleHbl OMNBITHI MO TPAHCIOPTUPOBKE LIAPUKOB B MOTOKE rasza B HpsSMOH TpyOe U B
TUTAaBHBIX W3ru0ax TpyObl B JAMama3oHe CKOpocTed raza 5 — 12 m/c, a TakkKe OmBITH IO
3aCBIIKE IIAPUKOB B MAaKET KaMepbl 3aMEUIUTEIIS.

Boinonmnena  pabora 1Mo MareMaTUYeCKOMY  KOMIIBIOTEPHOMY — MOJIEIMPOBAHUIO
ra30JJUHAMUYECKUX CHJI M MOMEHTOB, JEHCTBYIOIIMX Ha LIAPHUK, IABMKYILUICS B TpyoOe;
MOJTy4eHBI KOA()(OUITMEHTHI COPOTUBIICHUS KaK ()YHKIIMH CKOPOCTH IIapuKa U rasa.
DKCIIepUMEHTAIbHO 00OCHOBAaHA KOHLEMIMS U MOArOTOBJIEHa paboyas JOKyMEHTalusl Ha
W3TOTOBJIEHUE «IIHJIOTHOIO» 3K3EMIUISIpa yCTPOUCTBA JO3UPOBAHHON M0/1a4YM ILIAPUKOB.
Hagato uM3rotoBieHHe  «IWIOTHOTO»  OK3€MIUIApa  YCTPOWCTBA JUIsi  MaccOBOTO
MIPUTOTOBJICHUS TBEP/BIX IIAPUKOB CMECH ME3UTUJIEHA U M-KCUJIOJA .

B 2006 rony 3aBepiueHbl HCCIeI0BATEIbCKHE U KOHCTPYKTOPCKUE pabOThl, HEOOXOAUMBIE IS
BbIIIyCKa paboyeil TOKyMEHTalus BCEro KOMIUIEKCa 3aMEUINTENEeH U €ro TEeXHOJIOIMYeCKOM
4acTH.

B 2007 roay niianupyercs:

BoinycTuth OT4ETHI U MyOJUKALIUY 110 UCCIIEI0BATENIbCKUM paboTaM, MPOBEICHHBIM B X0J1€
MPOEKTa KOMIUIEKCA 3aMeITUTENCH.

BreimonHuTs (4acTUYHO, B COOTBETCTBHH C O00BEMOM (UHAHCHUPOBaHHS) pa3pabOTKy
pabodeil TOKyMEHTaIlMsl BCEro KOMIUIEKCA 3aMeITUTENEH 1 ero TEXHOIOTHYeCKON YacTH.

-3.00 -1.78 -0.56 0.67 1.89 3.11 4.33 5.56 6.78 B.00

Velocity u (Contour 1) .
Im s%-1]

Puc.l1. Ilpoghunv cxopocmeii eaza (npooonvHblil, 860016 MpyOLL) NPU KAYEHUU UAPUKA
ouamempom 5 mm 6 mpybe 17 mm; ckopocms eaza 8 m/c, wapuxa — 3 m/c.



2.2. [TIPOEKT UPEH

I'maBubIMU 3amagamu JlaGoparopun HeWTpoHHOH ¢u3uku u Jlabopatopun ¢usukm gacTui B
2006 romy sABIANOCH 3aBeplleHHME JeMoHTaxa peakrtopa HWMBP-30 m MoHTaxx wuMeromerocs
obopypoBaHus niepBoii ouepenu yckoputens JIY3-200.

1. BsiBoa u3 3kcmiryaranun UBP-30:
B cooTBercTBUM C YTBEpKIEHHBIM IJIAHOM-TpaUKOM BBIBOJA M3 JKCIUTyaTalllH, OBLIN
BBITIOJTHEHBI CJICTYIOIIHE PaOOTHI:
e [loarorosnen u npeacrasieH B Pocrexnaazop PO «Otuer 1o omneHKe COCTOSIHUS SAECPHOU U
paguannonHoi 6e3omacnoctu UUP UBP-30 B 2005 romy».
e JIeMOHTHPOBAHO U TPAHCIOPTUPOBAHO B 31anue 117/6 Bce o6opynoBaHue U3 3aia peakropa
32 UCKITIOYCHHEM MIMOEpPOB IMyYKOB, KOTOPHIE OyJyT HCIIOJIB30BAHBI ISl TIEPBOM OUYepeIn
HWPEH.
e  OcBOOOXICHBI BCE CMEKHBIC C 3aJIOM PEaKkTOpa MOMEIICHUS 30aHus 43.
e [IpoBeneHa peBu3Ms U PEMOHT BXOJHOW JIBEPH B 3aJ1 PEAKTOPA.
e [IpoBeneHa ne3akTUBAIMS M MOJATOTOBKA 3aja peakTopa K pEMOHTY.

Puc. 1. 3an peaxmopa U5P-30 na momenm nposedenus 8viepy3Ku Kaccem u nociie H0020MmoeKu K
DPEMOHMY.

2. Pabotsl o yckopurearo J1YI-200:
e 3aBepIIeHO TEOPETUYECKOe 00OCHOBaHHE BO3MOXHOCTH TIOJNYYECHHUS HY>KHBIX
apaMeTpoB Iy4YKa IEKTPOHOB B 1-0if ouepeau ycKopuTess.
e CMOHTHPOBaH Ha MITATHOM MECTE M HaJlaXXeH MOy siTop Kiuctpona MK1.

Puc. 2. Monmaosic gpoxycupyrowezo corenouda (cresa) u 31eKmpoHHOU NYWKU (Cnpasa,).



e (CMOHTHpOBaH Ha INTATHOM MECTE€ MOJIYJIATOP W HMITYJIbCHBIM TpaHCcGOpMaToOp IS
3JE€KTPOHHOMU My IIKH.

e IIpoBenena konTponbHas coopka CBU-TpakTa nepBoii CeKIum.

e VYKOMIUIEKTOBaHa CTOMKA TUTaHHS CHUCTEMbl BAaKyyMHBIX HACOCOB IE€PBOW CEKUUHU
JIY32-200. ITpoBenena KOHTpOJIbHAS COOpKA.

e [IpousBeneHa KOHTpOJIbHAs cOOpKAa W MACTOPTHU3AIMS KaTYLIKU TPyIIHPOBATENs.

e B 3ganum 43 mnpousBeAEH MOHTaX C TE€OAE3UUYECKON MPHUBSI3KOW (HOKYCHUPYIOIIETO
COJIEHOMA IEPBOM YCKOPSIOUIEH CEKIUU.

e (CMOHTHMpOBaHA Ha IITATHOM MECTE JICKTPOHHAS IMyIIKa.

e Jlo xoHma roma OyJeT 3aBepIIeHa MPOKIJIAIKa TPAcChl BOJAOCHAOKEHUS IJISI CHCTEMBI
BOJIOOXJXKIEHHS U TepMocTadbunuzanuu JIY3-200.

3. Ilnansl Ha 2007 roa:
Bce 3amanupoBannbie Ha 2007 rox paboThl HAXOIATCS B paMKax yTBEPKACHHOTO OI0KeTa 1Mo
teme 0993:

3aBepiieHue pabounx MIPOEKTOB 3JIEKTPOCHAOKEHNUS, BOJIOCHAOKEHUS u
aBTOMATHU3MPOBAaHHOIO paanannoHHoro koHTpous (ACPK) JIV3-200.

Pa3paboTka MpoeKTHOH JOKyMEHTAIIMHA Ha HEPA3MHOKAIOIIYIO MUIIICHD.

H3roroBieHne 1 MOHTaX HEPA3MHOKAOLIEH MUIIEHHU.

KommiekToBaHne 1 MOHTaX CUCTEM JIeKTpocHabxeHus1, BogocHabxenns u ACPK.
3aBepiieHre peMOHTa MOMEIeHHS TyIaBHOTro myJibTa ynpasienus (I'TIY) u komuart 204-209,
306 3mauug 43.

PeMoHT 3a51a HEpa3MHOKAIOIIEH MUILICHH.

MoHTaxx 000pylOBaHHMS CUCTEMbl aBTOMATHU3MPOBAHHOIO KOHTPOJS U YIPaBICHUS
(ACKY), Bxirouas ['TIY.

3aBepiieHne MoHTaxka obopymoBanus JIYD-200: 1-1 yckopurtenbHas CEKIUs, KIMCTPOH
5045 (SLAC), CBY — ¢unep, npoMexyTOYHbIE YYaCTKH C yCTPOHMCTBAMHU TUArHOCTUKU
My4YKa, HMHUTATOP 2-M CEKUMH, KBAaAPYMNOJbHBIE JIMH3bI, KaHaJl TPAHCIIOPTUPOBKH,
BaKyyMHasi CHCTE€Ma, CUCTeMa MCTOYHHUKOB MHTAaHUS 3/MarHUTOB CHUCTEMBI (OKYCHPOBKH,
MArHUTHBIN CIEKTPOMETD,.

[Tyckonanago4yHbie pabOTHI, TPEHUPOBKA 000PYOBAHUS YCKOPUTEISL.

KoMmmiekcHbIN 3ayCK yCKOPUTETIS.



3. DEVELOPMENT AND CREATION OF ELEMENTS OF NEUTRON
SPECTROMETERS FOR CONDENSED MATTER INVESTIGATIONS

In 2006 work in the framework of the theme was focused on the following main activities:

Creation of gas and scintillation neutron detectors;

development of sample environment systems;

development of data acquisition systems and computing infrastructure.

1. Creation of neutron detectors
a) Gas detectors

In 2006 1-D position-sensitive detector based on multiwire proportional chamber was put
into operation at the HRFD diffractometer. The software for acquisition and accumulation of data
from this detector is integrated into the control software package Sonix.

A similar detector system (including a detector, electronics, PC and software) was
constructed for the REFLEX spectrometer. The detector was tested on a test bench with a **Cf
source and on beam 6b. At present, it is used in current measurements. In one of the experiments a
study of multilayer structure [MgO / (4.7nm) Fe / (4.7nm) V] 10 / [(IML) Fe / (IML) V] 17 /
(36.5nm) V / (2nm) Pd was carried out by the polarized neutron reflectometry technique. The
coordinate spectrum is presented in Fig. 1. A horizontal line in the spectrum corresponds to
specular neutron reflection and provides information on nuclear structure deep inside the sample
(nuclear profile). A slanting line tells about the presence of non-specular (diffuse) reflection.
Characteristic inhomogeneities in the sample plane (at layer interface) can be judged from it.
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Fig. 1. Spectrum from [MgO/(4.7nm)Fe/(4.7nm)V]10/[(1ML)Fe/(1ML)V]17/(36.5nm)V/(2nm)Pd in the study
using polarized neutron reflectometry at the REFLEX setup. A slanting line due to diffuse reflection can be
seen. The scale division value of coordinate channel is 0.32 mm. The scale division value of time channel is

64 us.

Using the same technology, 2D PSD with a sensitive area of 225x225 mm” was developed.
On the basis of experience gained in the process of development and tests of 1D PSD and 2D
monitor, the following characteristics of 2D detector (Table 1) were specified:

Table 1



Gas mixture 2000 mbar He*+2000mbar CF,4
Efficiency 60%

Sensitive area 225225 mm”

Coordinate resolution X,Y 2-3 mm

Count rate Up to 10° events/s.
Differential nonlinearity <10%

Readout Delay lines, start from anode

The design and engineering documentation of the detector case, anode and cathode
electrodes was worked out. All mechanical units were manufactured in JINR EW. Figure 2 shows
an assembly drawing of the detector.
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Fig. 2. Assembly drawing of 2D detector.

The detector is a multiwire proportional chamber with delay line data readout. Overall
dimensions of the chamber are 342x342x54 mm. The entrance window is 7 mm thick, which only
minimally weakens an incident neutron flux and makes it possible to endure mechanical loads that
arise when filling the detector with a gas mixture. High voltage of positive polarity is fed via an
MHYV connector. Five BNC connectors serve for signal output. The detector has 2 gas connectors of
the "Swagelock" type and this permits the use of the detector in a flow-operating mode.

In the chamber volume two cathode, two drift and one anode electrodes are positioned. Each
of the electrodes is a textolite frame with a cut window with wound fine wires of gold plated
tungsten for anode and cathode planes and a mylar film with aluminum spray coating for drift
planes. The thickness of anode wires is 10 pum and of the cathode wires — 50 um. The anode wire
spacing is 1 mm. A common bus connects the anode wires. The cathode wire spacing is 1 mm. The
cathode wires are connected together in pairs and brought out to the delay line, each unit of which
delays signals by 2.9 ns. The distance between the electrodes is 3 mm; the anode is positioned in the
middle. The drift electrodes are placed close against the detector walls, which rules out the presence
of a shielding gap of working mixture. To detect neutrons, the chamber volume is filled with a



mixture of neutron converter gas He® and quenching gas CF,. The total pressure of the gas mixture
is 4000 mbar.

The detector was tested at a pressure of up to 6 atm. The technological degassing procedure
was carried out. Limit voltages at anode are +4500V and -2000V at drift electrodes, working
voltages are 3400V and 1000V, respectively.

Signals from both delay lines and an anode signal through preamplifiers come to a constant
fraction timing five-channel discriminator and are registered in data acquisition and accumulation
block (DAAB). This block contains signal level converter NIM-TTL, 8-channel integrated time-to-
code converter (TDC-GPX) with time resolution of 80 ps and count rate of 10M events/s; field
programmable gate array (FPGA) containing about 6K of logic elements; 1 Gbyte histogram
memory, which makes it possible to accumulate three-dimensional spectra X-Y-TOF of up to
512x512x%1024 32-bit words; and high-speed interface with optical communication link to a
personal computer (Fig. 3). The data acquisition and accumulation system can operate in two
modes: in the mode of histogram accumulation in internal memory and in the list mode, when
“raw” data are accumulated directly on a PC hard disk.

All functions of the block are programmable. Different versions of firmware programs are
recorded by the PC control program into FPGA, which makes it possible to realize various
functions and to use this block for data accumulation both from 1D and 2D detectors without any
changes in hardwareAmong the firmware programs are the programs for digital signal processing,
data filtering, for counting the number of accepted and rejected events, for recording data in
required format, etc. The multilevel modular structure of PC-programs allows modules of lower
levels having access to hardware to be integrated into other program complexes. The software of the
upper level provides a full set of functions that make it possible to set parameters, to choose several
variants of measurement modes, to visualize data on-line, to store information and to protocol the
operation of the system. The main distinction of the DAAB software as compared to that of the PCI
DAQ block now in use is that DAAB has no digital signal processor (DSP), which essentially
reduces data accumulation rate (down to 100K events/s). In the new version of the block the
functions of DSP (filtering, histogramming, data formatting, etc.) are performed by FPGA.

The use of very large-scale integration circuits has made it possible to mount DAAB on one
six-layer printed board of the NIM standard (182.9x150 mm?). Optical receiver-transmitters and
parallel-serial and serial-parallel converters are placed on a daughter board (mezzanine), which
allows the use of interfaces of various types without changing the block circuit design. The
counterpart of an optical interface is installed directly in a computer.

Logic and time simulation of operation of the block was performed using Quartus II package
from ALTERA. It was shown that the rate of reception, filtering and accumulation of events in the
block may amount to 2 million events/s. Real registration rate (taking into account data transfer and
recording to a computer) is no less than 1 million events/s. The detector was tested on a test bench.
Tests on an IBR-2 beam with the available DAQ board were carried out in December. Tests of
DAAB are scheduled for the first half of 2007.

Electronics and software of the microstrip detector were debugged. A series of tests of the
detector on a test bench and on an IBR-2 beam were conducted.
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Fig. 3. Architecture of data acquisition and accumulation system from PSD.

b) Scintillation detectors

The 4-th and 3-rd sections of the FSD diffractometer were designed. The detector modules
were not manufactured for lack of financing.

The design of the detector system for the DN-6 diffractometer was developed. It has
provision for using 2 groups of detectors located in the region of scattering angle of 90° and
scattering angle of 45° (laboratory system). The 3D model of the detector system is given in Fig. 4.

In cooperation with the Institute of Metal Physics RAS (Yekaterinburg) 100-channel
scintillation thermal neutron detector for the D7A spectrometer located at the IVV-2M reactor of
Sverdlovsk branch of NIKIET was developed, manufactured and put into operation.

The detector is constructed on the modular principle, which makes it possible to arrange
channel sensitive areas on a cylindrical surface of arbitrary radius. The channel sensitive volume is
a multilayer composition of plates of scintillation screen ND and spectrum-shifting fibers.
Dimensions of entrance aperture of channel sensitive area are S =3 x 120 mm. Average detection
efficiency in channels for neutrons with a wavelength of A = 1.53 A is 1 = 70 %. Gamma sensitivity
of the detector channels does not exceed &< 1-10”. Maximum count rate of a single channel is no
less than v>1-10° n/s. Each module of the detector is an independent device and contains 10
neutron detection channels, signal processing electronics, high-voltage power supply system and
computer communication electronics. Data acquisition from modules, setting of detection
parameters and control over modules are carried out via interface CAN.



Fig. 4. Three-dimensional model of the detector system for the DN-6 diffractometer.

2. Development of sample environment systems

In 2006 the following devices were included into the structure of control systems of

spectrometer actuators:
- adevice for placing a scatterer into a neutron beam in front of PSD at the YuMO spectrometer

(Fig. 5);
- adevice for rotating about vertical and horizontal axes and for vertical sample movement on the
basis of the HUBER goniometer at the SKAT spectrometer.
Controller SMC-32-CAN for control systems of spectrometer actuators was developed and
tested.
On beam 9 the modernization of the chopper control system was carried out on the basis of
direct-current electric drive. More stable amplifiers of the electric drive were included into the
structure of the system. The control system software was replaced.

Fig. 5. Device for placing a scatterer into a neutron beam.



In 2006 a closed-cycle cryostat with cryocooler PT-405 with pulse tubes was manufactured
for operation in a temperature range of 8-300K. Its construction allows it to be installed in the shaft
of the DN-2 spectrometer. Figure 6 shows this cryostat before sinking it into the shaft. The cryostat
was used to obtain spectra of scattered neutrons from mesitylene, which is considered to be the
most promising material for cold moderators of the modernized reactor IBR-2M.

Fig.6. Cryostat.

3. Development of data acquisition systems and computing infrastructure

A new central server Sun Fire X4200 (AMD-64 platform) with the operating system OS
Solaris 2.10 and bulk storage device Storage Array (6.4 T byte) were put into service. The
replacement of the basic server of the FLNP computer cluster (Enterprize 3000) by the modern
system on the basis of AMD Opteron 64 and the use of bulk storage device made it possible to
significantly enhance computing power of the cluster and to increase the shared disk space. At
present, the former central server is used for work with applications written for the old operating
system.

The first stage of work to create a new architecture of the FLNP computer cluster and to
optimize network communication lines was fulfilled (Fig. 7). A change-over of the available
switches of the central network core to routing switches Cisco 3750, the installation of 1Gbit/s
interface to switch Cisco 8510 CSR and the application of high-speed communication in the main
FLNP LAN links made it possible to enhance the reliability of network operation and to provide
connection with the JINR network and other networks at Gigabit rates. The reorganization of the
FLNP Web server was carried out as well.
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Fig. 7. New architecture of FLNP LAN.

A large amount of work to manufacture and adjust blocks of analog electronics for gas

detectors and monitor counters was carried out.

A new electronic block for data acquisition from multi-counter systems was designed.

Digital simulation of the block for accumulating data from 64 counters was performed.

The following work was conducted on the data acquisition system software.

Position-sensitive detectors under the Sonix+ software (PC, Windows) were put into operation
at the YuMO and HRFD spectrometers.

A version of Sonix+ for the DSD spectrometer (IMP RAS Yekaterinburg) was prepared and
tested in Dubna.

Work to install the Sonix+ complex at the MOND diffractometer (SSC RRC KI, Moscow)
started.

The software complex Sonix+ was elaborated in its service part and upgraded to improve its
performance characteristics.

Work to design the software for remote control over experiments at the IBR-2 spectrometers via
network started.

Electronic and software support was constantly provided during the IBR-2 reactor cycles.

The following main problems are to be solved in the year 2007 in the framework of the

theme:

1.

Design of neutron position-sensitive detector based on multi-wire proportional chamber with
individual data readout from each wire (design and manufacturing of the detector case and
electrodes, design of read-out electronics and data acquisition electronics, purchase of materials
and components).



Creation of module scintillation detector on the basis of matrix photomultipliers (development
of the detector design, design of data accumulation electronics, measurement of characteristics
of the assembly — matrix photomultiplier + scintillation screen).

Manufacturing of 8 modules of the ASTRA detector for the FSD diffractometer.

Creation (in cooperation with PNPI) of bent reflector neutron guide on beam 7a of the IBR-2
reactor (calculations and selection of a variant of optical channel, design, purchase of materials,
manufacturing of optical elements (PNPI) and mechanical constructions of the head part of the
neutron guide).

Modeling, manufacturing and testing of electronic blocks for multicounter systems and PSD
with delay lines.

Creation of cable infrastructure of the network segment of the IBR-2 experimental halls
(Gigabit Ethernet).

. Development of a control block of actuating mechanisms of the IBR-2 spectrometers on the
basis of industrial standard CAN.

Modernization and support of infrastructure of engineer and programmer work places.

Creation of vacuum test bench to improve “cryogen free” technology for the IBR-2M
spectrometers.

10. Development of the Sonix+ software package for remote control over experiments.



3. PABPABOTKA U CO3JAHUE 2JIEMEHTOB
HEWTPOHHBIX CHEKTPOMETPOB
JJIA UCCUIIEJOBAHUSA KOHAEHCUPOBAHHBIX CPE/]

PaboThI Mo TeMe BENUCH B CIEAYIONIMX OCHOBHBIX HAPABICHUSIX:
— Coznanue ra3oBbIX U CHMHTUJUIALIMOHHBIX HEUTPOHHBIX JETEKTOPOB;
— Ppa3BUTHE CUCTEM OKpPY KEHHUS 00pa3la;
— pa3BUTHUE CHCTEM cOOpa TaHHBIX U BBIYUCIUTEIBHON HHPPACTPYKTYPHL.

1.Co3nanne HEHTPOHHBIX JAETEKTOPOB
a) 'a3zoBble 1eTEeKTOPbI

B 2006 r. Ha mudpakromerpe @DJIBP BBemen B OIKCIuTyaTtanuio pa3paOOTaHHBIA —paHee
OI[HOKOOpI[I/IHaTHLIfI HOBI/ILII/IOHHO-‘-IYBCTBI/ITGJIBHHﬁ ACTCKTOP Ha OCHOBC MHOFOHpOBOJIO‘-IHOﬁ
MpornopuroHanbHOi kamepsl.lIporpammuoe obecriedenue st cOopa M HAKOIUIEHUS JAHHBIX C ATOTO
JIETEKTOpa HHTEIPUPOBAHO B YIPABJISIOIINI KOMIUIEKC SOnix.

AHanoruyHas JeTeKTOpHas CUCTeMa, BKJII0YaroIas B ce0s COOCTBEHHO JAETEKTOP, dNeKTPOHUKy, PC u
nporpaMmHoe oOecrmeueHue, Obima co3maHa g cnekrpomerpa PE®JIEKC. [lerektop ObLa

IIPOTECTHPOBAH Ha CTeHje ¢ ucTounukoM - Cf u Ha myuxe Ne66 MBP-2, B HacToslee BpeMs Ha HeM
BeAyTcsl pabdoune n3MepeHus. B 0JHOM M3 SKCIEPUMEHTOB NPOBOJMIIOCH UCCIIEI0BAaHUE MHOIOCIOMHOM
cTpykTypbl [MgO / (4.7nm) Fe / (4.7nm) V] 10 / [(1 ML) Fe / (1 ML) V] 17/(36.5nm) V / (2nm) Pd
METOZOM pPehICKTOMETPUH MOJSIPU30BAaHHBIX HEHUTPOHOB. KOOpIWHATHBIN CHEKTpP, MOJTYUYEHHBIM MpHU
JAHHOM U3MEpeHuH, mpuBeneH Ha puc.l. [opu3oHTanbHAs JHMHUSA Ha CHEKTPE COOTBETCTBYET
3epKaATbHOMY OTPKCHHIO HEUTPOHOB, M JacT WMH(MOPMAIMIO O SIEPHON CTPYKType BriayOb oOpasia
(smepHoM mpoduie). HakiioHHast IMHUS TOBOPHUT O HAIMYMK HE3epKalbHOTO (Iu(p(y3HOT0) OTpaskeHusl.
[To Helt MOXHO CyIUTHh O XapaKTePHBIX HEOJAHOPOIHOCTSAX B TUIOCKOCTH OOpasla (Ha rpaHuIle pa3aera
CJIOEB).
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Puc.1. Cnexmp om [MgO/(4.7nm)Fe/(4.7nm)V]10/[(IML)Fe/(1ML)V]17/(36.5nm)V/(2nm)Pd npu uccredosanuu ¢
NOMOWBI0 Memooa peghieKmomempuy NOJAPUI08AHHBIX HellmpoHoe Ha ycmanoske «PEQJIEKCy Buouwa nunus,
obycnosnennas oupgysuviv ompasxcenuem. Llena Oenenus xoopounamwuoeo xawaia 0,32 mm. ILlena Oenenus
8peMeHH020 KaHana 64 MuKpocekyHobi.

[To Takoi ke TexHOJOrMHM OblIa BBINOJIHEHA pa3zpaboTka aByxkoopauHatHoro ITHJ[ ¢ pasmepamu
. 2
YyBCTBUTEIbHOU 00sacTu 225x225 MM~ . Ha ocHOBe ombITa, MOIYYEHHOTO IPU pa3paboTKe U UCTIBITAHUSIX



1D MY/ u 2D MouuTOpa, ObUIM 3aaHbl CIEAYIONINE TEXHUYECKHE XapaKTEePUCTUKHU BYXKOOPIUHATHOTO
nerektopa (Tada.1):

Tabauua 1
l"a3zoBas cMmech 2000 m6ap He’+2000m6ap CF4
O¢ddexkTuBHOCTH 60%
UyBcTBUTENBHAS 00J1ACTh 225%225 MM
Koopaunarnoe pazpemenne X,Y 2-3 MM
CKOpoCTh cUeTa 1o 10° co6./c
Juddep. HEOTHOPOAHOCTH <10%
CpeM cursana JIluHMM 3a1ep>KKH, CTApT OT aHO/IA

PazpaboTaHa KOHCTPYKTOpCKas M TEXHOJOIMYeckass JOKyMEHTalMs Ha KOpIyC  JIeTeKTopa,
aHOJHBIM M KaTOAHbBIE AJIEKTponbl. Bece Mexanuueckue y3ibl usrorosinensl B OIl OUSUN. Ha pmc.2
NoKa3aH COOPOYHBIM uYepTeX AETEKTOpa.
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Puc.2. Coopounwiii uepmedic 2D demexmopa.

JleTekTop TpeACTaBiIsieT co00il MHOTOMPOBOJOYHYIO MPONOPIHMOHAIBHYIO KaMepy €O ChEeMOM
nH(pOpMaIUK ¢ JIMHUKA 3aJiepXKKu. BHemmHue rabapuThl KaMephbl COCTABISIOT 342%342x54 MM, TOJIIIMHA
BXOJJHOTO OKHa 7 MM, 4YTO B MHMHHUMAJIBbHOW CTEMEeHM oOchaliseT MaJaloulfii HEHTPOHHBIA MOTOK, H
MO3BOJIIET BBIACPKMBATh MEXaHMYECKHE HATPY3KH, BO3HUKAIOIIME IIPH 3allOJIHEHUU JETEKTOpa ra30oBOU
CMeChI0. BBICOKOE HaIpsiKeHUE MOJI0KUTEIbHON NOJIIPHOCTH IToaaercs yepes passeM MHV, s BeiBOga
curHayioB ciyxat 5 pazpemoB BNC. Jletektop mmeeT 2 Ta30BBIX pazbema THma «Swagelock», dro
MO3BOJISIET UCTIOJIB30BATh €T0 B IPOTOYHOM PEXKUME paOOTHI.

B o0beme kamepbl pacronoKeHbl JBa KaTOAHBIX, 1Ba JAPEeU(OBBIX M OJUH AHOMHBINA SJIEKTPOJBI.
Kaxxnpiii U3 3JEKTPONOB MPEACTaBIsET COOON TEKCTOIMTOBYIO PAMKY C BhIPpE3epOBaHHBIM OKHOM, B
KOTOPOM HATSHYThl TOHKHE IPOBOJIOKH W3 TO30JI0YEHHOTO BOJb(pama, JJis aHOAHOW W KaTOIHBIX
IUIOCKOCTEH, M MaimapoBasl TUIGHKA C QJIIOMHHHEBBIM HAIBUICHUEM, IS JPEH(POBBIX TUIOCKOCTEH.
TonmmHa aHOAHBIX TPOBOJIOYEK 10 MUKPOH, KaTOAHBIX — SO MUKPOH. AHOHBIE TPOBOJIOYKH HAMOTAHBI C
maroM 1 MM W COEOMHEHBI OOINeH INWHOHM, KaTOAHBIC MPOBOJOYKM HAMOTAaHBI C maroM B 1 M,



0oOBEMHEHBI MO JBE M BBIBEJEHBl HA JIMHUIO 33J€PKKH, OJHO 3BEHO KOTOpPOM 3aaep:kuBaeT Ha 2,9
HaHOCeKyHJ. PaccrosiHHe MEXIy 3JIeKTpoJjaMHM COCTaBIsieT 3 MM, aHOJ PACIOJOXKEH I0CEepeInHE.
JpeiidoBble SIEKTPOAbI TPHKATBI K CTEHKaM JETeKTOpa, 4YTO, TMPAKTHUYECKH, HCKIIOYAeT HaIW4He
SKPAHUPYIOLIETO MIPOMEKYTKa paboueit cmecu. J[ist peructpany HEHTPOHOB BHYTPEHHUI 00beM KaMephbl
3allOJTHEH CMECHIO, COCTOAIIECH W3 ra3a-KOHBEPTEPA HEUTPOHOB He’ u racsmero rasa CF4. ITommoe
nasienue razooii cmecu 4000 muubap.

JleTekTop WCIIBITaH Ha AaBiieHue 10 6 atM. [IpoBeneHa TexHOIOrHYeCKas MpoLeaypa 00e3raKuBaHMS.
[IpenenpHble HampsbkeHUs Ha aHojne cocTaBiseT +4500B, Ha apeiidoBbix anekTponax -2000B, paboune
Hanpspkenus 3400B u 1000B cooTBeTcTBEHHO.

CurHazibl ¢ 00OMX KOHILIOB JHMHUN 3al€p>KKW M aHOAHBIM CUTHAJI YCHJIMBAIOTCS U (POPMHUPYIOTCS
MPEIyCUINTENSIMA, YCTAHOBJICHHBIMH Ha KOPIyCe JAETEKTOpa. 3aTeéM OJTH CHUTHAIBl TOCTYNAaloT B
MATUKAHAJIBHBINA JUCKPUMHUHATOP C TOYHON BPEMEHHOW MPUBSA3KOM W Jlanee pPerucTpupyrorcs B OJoke
coopa u HakoruieHus naHHbIX (BCH/I). OtoT 610K conepkuT npeodpa3zoBaTesb ypoBHA curHanoB NIM-
TTL, 8-xaHanbHbII MHTErpaldbHBIM mpeoOpazoBatens Bpems-kon (TDC-GPX) ¢ BpemMeHHBIM
paspemiennem 80rmc u OwicTpoxeiicTBreM 10M coObITHIA/C; TPOrpaMMHUPYEMYIO JIOTHUECKYIO MATpHILY
(FPGA), conepxarryto nopsiaka 6K oruueckux 3J€MEHTOB; THCTOIPAaMMHYIO IaMsATh eMKOCTbio 11°0aiiT,
KOTOpasi MO3BOJIAET HakKaluiMBaTh TpexmepHble crekTpel X-Y-TOF pasmepom no 512x512x1024 32-
pa3psIHBIX CJIOB; U BBICOKOCKOPOCTHOW HHTepdeilc ¢ ONTHYECKOM JMHHUEH CBS3U K MEPCOHAIBHOMY
koMmmbioTepy (puc.3). Cucrema cOopa M HAKOIUJIEHUS JAHHBIX MPETyCMAaTPUBAET /IBa peXUMa palOOThI:
PEKUM TUCTOIPAaMMMPOBAHUS BO BHYTpEHHEH NHaMATH OJOKAa W CIMCOYHBIA DPEXHUM, HPU KOTOPOM
“cpIpble” JaHHbBIE HAKAIUIMBAIOTCS HEMIOCPEJCTBEHHO Ha AUCKE MepcoHanbHoro kommnetorepa (PC).

Bee ¢ynkuum Onoka sBISIOTCS mIporpaMmupyembiMH. Pasnmuunble Bepcun firmware mporpamm
3anuchiBatoTCa ynpasisomei nporpammoit PC B FPGA, 4ro mo3BoJjiseT peanu3oBaTh pPa3jinvHbIC
(YHKIIMM U MCIIONIB30BaTh 3TOT OJIOK JUIsl HAKOIUIEHHs NaHHbIX Kak ¢ 1D, Tak u ¢ 2D nerekropos 0e3
Kakux-muoo m3meHeHnit B hardware. K umcny firmware mporpamm OTHOCSTCS TPOTpaMMBbl IU(GPOBOMA
00pabOTKU CUTHANOB, PUIBTPALIMH JJTAHHBIX , CYETA YMCJIA IPUHATBHIX U OTOPAKOBAHHBIX COOBITHMH, 3aITUCH
JaHHBIX B TpeOyemoM ¢opmate u 1p.. MHOrOypoBHEBas MOAYJIbHas cTpykTypa PC-nporpamMm mno3BossieT
BCTpPaMBaHUE MOJYJICH HIKHUX YPOBHEH, MpPOM3BOMAIIMX OOpalleHus K anmaparype, B JApyrue
porpaMMHbIE KOMIUIEKCHl. Ha BepxHeM MporpaMMHOM YpOBHE pealu30BaHbl (YHKIHUU 3aJaHHS
IapaMeTpoB, BEIOOPAa HECKOJIBKUX BAPHAHTOB PEXKMMOB M3MEpPEHHH, on-line BU3yanu3alnuu, COXpaHEHHs
JAHHBIX ¥ MIPOTOKOJIMPOBAHUS PAOOTHI CUCTEMBI. | TaBHOE oTiindKe B mporpamMMmHoM obecrieuenun BCHJI
10 CPaBHEHUIO UCIOJIB3yeMbIM B HacTosmee BpeMs 6i1okom PCI DAQ coctout B Tom, uto B BCH/I Her
nudposBoro curHaneHOoro mpoueccopa (LICII), KOTOphI CyIIECTBEHHO OTpaHUYHMBall CKOPOCTb
HakoruieHus gaHHbIX (o 100K co06./c). B HoBoit Bepcum Omoka ¢ynknuu [CIT (punprpanus,
THCTOTpaMMUpOBaHKe, (OpMaTUPOBAHHUE JAaHHBIX U 1p.) BeIIOIHIET FPGA.

brnaromapst ucnonb3oBaHuio cxem cBepxOoibiioi mHTerpanuu, bCHJI cMoHTHpOBaH Ha OIHOM
HIECTUCIIONHOM neyaTHO# miaTe cranaapta NIM (1 182,9 x 150 mm? ). OnTuueckue nmpueMo-nepeaaTdynKku
1 mpeoOpa3oBaTeau KOAOB (MapauiebHOTO KOAAa B IOCJEAOBATEIbHBIH M HA00OPOT) pa3MelieHbl Ha
Jo4yepHel 1uiate (ME30HMHE), YTO MO3BOJISIET HCIIONB30BaTh PAa3JIMUHbIE THIBI UHTEP(HEHCOB, HE MEHSA
CXEMOTEXHHUKY camoro Osoka. OTBeTHass 4acThb ONTHYECKOro uHTepdelica MOHTUpyeETCS
HETOCPEICTBEHHO B KOMIIBIOTEPE.

Jlornyeckass u BpeMeHHas CUMYJSus paboThl OJOKa BBINOJIHEHA C MCIOJB30BAHMEM IaKeTa
Quartus II ¢upmsr ALTERA. B pe3ynbpTare moka3aHo, YTO CKOPOCTh NMpHEMa, (UIBTPAUN U COOPKH
coObITHH B OJIOKe qocTthraeT 2 MJH. co0./c. PeanbHasi CKOpOCTh peructpanuu (C ydeToM Tepeaadud u
3aIMCH JTAaHHBIX B KOMIIBIOTEP) COCTaBIseT HEe MeHee | MitH.co0./c. B Hacrosiiee Bpems AeTeKTop coOpaH
Y TIPOBEPEH Ha CTEHJIE, MCTBITAHUS HA Iy4YKe TJIAHUPYETCS MPOBECTH B AekaOpbhckoMm I1ukie MBP-2 ¢
cymectBytomeit matoit DAQ. TectupoBanue BCH/ Gy et BbimonHeHo B nepBoM nosryroauu 2007 r.

3aBepieHa OTia/iKa 3JIEKTPOHUKH U IPOTPAMMHOT0 00ecriedeH sl MUKPOCTPUIIOBOTO JAETEKTOPA, a
TaK)Ke MPOBEJICHA CepHsl CTCHIOBBIX UCIBITAHUHN JAeTeKTopa. B nexabpe OyayT MpoBeeHbI UCIILITAHUS HA
nyuke UBP-2.
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Puc.3. Apxumexmypa cucmemsl coopa u Hakonenus oannvix ¢ I1Y4/].

0) CUMHTHLUISIIUOHHBIE 1€TEKTOPbI

Pa3paborana xoHcTpykims 4-if m 3-i cekmmii mudpaktromerpa DPCJ], HM3roTOBIECHUE MOMYJCH
JETEKTOpa He MPOBOJIMIOCH M3-32 OTCYTCTBHSI (PMHAHCHPOBAHHUS.

Pazpaborana KOHCTpPYKIHMsI JETEKTOpPHOW cucTeMbl mudpakromerpa JIH-6. B  koHCTpykmmm
MPEeIyCMOTPEHO HCIOJIb30BaHUE 2 TPYMI JETEKTOPOB — PACMOJIOKEHHBIX B 00NacTu yria paccesHus 90
TpaaycoB W yria paccesHus 45 rpamycoB (JrabopaTopHas cucreMa). TpexmepHas MoJelb JETEKTOPHOU
CUCTEMBI IIPE/ICTaBICHA Ha PUC. 4.

CosmectHo ¢ MuacTtuTyTOM (przuku meramioB PAH (ExarepunOypr) pa3paboTaH, U3TOTOBIICH U CHaH
B okcmyaranuio 100-kaHanbHBIA  CHUHTWUISIIMOHHBIA — JIE€TEKTOp TEIJIOBBIX HEHUTPOHOB s
cnekrpometrpa J7A , ycranoBnenHoro Ha peaktope MBB-2M CsepanoBckoro ¢ummana HUKUIT.
JleTekTop TMOCTpOEH MO MOAYJIbHOMY TMPUHIUIY, YTO T[O3BOJSET pPa3MECTUTh YYBCTBHUTEIbHBIC
MOBEPXHOCTU KAaHAJIOB HA IIMJIMHAPUYECKON MOBEPXHOCTU C MPOU3BOJIBHBIM paanycoM. UyBCTBUTEIbHBIN
0o0BEM KaHala MpeAcTaBiseT cOo00M MHOTOCIOWHYI0O KOMIO3HMIMIO W3 TUIACTUH CUUHTHIIISIIUOHHOTO
skpaHa ND u crnekTpocMemarmmumx BOJOKOH. PazMepsl BXOIHOHM amepTypbl YyBCTBUTEIBHOM 00JacTH
kaHana S = 3 x 120 mm. Cpennsist 3pGeKTUBHOCTh PETHMCTPAllMM B KaHaJaX A HEHTPOHOB C JUIMHOM
Bonnbl A = 1.53 A coctapnser | = 70%. ['aMMa 4yBCTBMTENLHOCTh KaHANIOB JETEKTOPA HE MPEBHILAET
E< 1-107. MaxkcumanbHas CKOpPOCTh CY€Ta OTIEIbHOIO KaHajga HE MEHee V> 1-10° m./cek. Kaxnprit
MOJIYJTb JICTEKTOPA TMPECTABIIICT COO0H HE3aBUCHMOE YCTPOMCTBO M COACPKUT 10 KaHAIOB PeTUCTpALIAN
HEHUTPOHOB, DJIEKTPOHUKY OOpaOOTKH CHUTHaja, CHCTEMY BBICOKOBOJBTHOTO IMHUTAHUS MU DIEKTPOHUKY
CBA3M ¢ KommbloTepoM. COop HHpOpManmuu ¢ MOAYJIEH, yCTaHOBKAa MapaMeTpPOB pEruCTpalvd U
yIpaBlieHHEe MOAYJISIMU OCyIecTBIsoTcs o nHTepdeiicy CAN.



Puc. 4. Tpexmepnas moodenvb demekmopHot cucmemsl ougpaxmomempa J{H-6.

2.Pa3BuTHe cHUCTEeM OKpYKeHUsi o0pa3na

B 2006 r. B coctaB CHCTEM yNpaBJIEHUS MCIOIHUTEIbHBIMA MEXaHM3MaMH CIIEKTPOMETPOB
BBEJICHBI:

- YCTpOICTBO BBOJIAa pacceuBaTelsl B HEUTPOHHBIN my4ok nepen [TU]J] nerekropom crekrpoMerpa
IOMO (puc.5).

- YCTPOMCTBO BpalI€HUs] BOKPYI BEPTUKAIBHONW M TOPHU30HTAJIbHOW OCEH M BEPTHUKAJIBHOTO
nepemenieHus: oopasna Ha 6ase rounomerpa HUBER cnektpomerpa CKAT.

Puc.5. Yempoiicmeo 8600a pacceusamelis 6 HeUmMpOHHbIU NYYOK.

Brimonnena paspabotka u mpoBefeHBl ucnbiTaHus KoHTposuiepa SMC-32-CAN mportoTuma
KOHTpOJJIEpa CHCTEM YIPABJICHUS WCIOTHUTEIBHBIMA MEXaHU3MaMU CIIEKTPOMETPOB TIpPH  HX
MOJIEpHHU3AILIMHA BO BpEMs OCTaHOBKH peakTopa MBP-2.



Ha 9 mnyuke mnpoBeneHa MOJIEpHM3ALUS CHCTEMBl YIpaBICHUS TIpepbiBareileM Ha 0Oasze
JIEKTPONPUBO/Ia TOCTOSHHOTO TOKa. B cocTaB cucTeMbl BKIIIOYEHBI Oosiee CTAOWUIIbHBIE YCHIUTEIH
anekTponpuBoza. [IpoBeneHa 3aMeHa MPOrpaMMHOTO 00€CTIEUEHHS] CUCTEMBI YIIPABJICHUS.

B 2006 r. 6bU1 M3rOTOBJIEH KpUOCTAaT Ha OCHOBE 3aMKHYTOrO IMKJA ¢ KpuokyinepoM PT-405 Ha
UMITYJIbCHBIX TpyOKax Juisi pa0doTel B nuamnazoHe 8-300K. KpuocTar BBITIOJIIHEH B BUJE, MPUTOAHOM IS
YCTaHOBKHM €ro B maxTy cnekrpomerpa JIH-2. Ha puc. 6 mokasaH 3TOT KpyocTaT nepes Norpy>KeHUEM B
maxty JH-2. Kpuocrar Obln uCHOnb30BaH A MPOBEIEHUS  U3MEPEHHH CIIEKTPOB PACCESHHBIX
HEHTPOHOB Ha ME3UTUJICHE, KOTOPbIM paccMaTpuBaeTcsi Kak Haubojee MepCleKTUBHBIA MaTepuan Juls
XOJIOMHBIX 3aMEAJUTeNIe MOJAEpHU3HpOBaHHOTrO peakTopa MBP-2.

Puc.6. Kpuocmam.

3. PazButue cuctem c60pa JaHHBIX U BHIYUCINTEIbHOH HHPPACTPYKTYpPbI

HoBolil nenTpanbublil cepBep Sun Fire X4200 (AMD-64 platform) ¢ onepanuonHoit cucremoir OS
Solaris 2.10 m ycTpoHCTBOM MaccoBOM mamsiTh Storage Array (6.4 T byte) BBEICH B IKCIUTyaTaIuio.
3ameHa 6a3o0Boro cepepa komnbtoTepHoro kinacrepa JIHO (Enterprise 3000) Ha COBPEMEHHYIO CHCTEMY
Ha ocHoBe AMD Opteron 64 u Hcnonb30BaHHE MACCOBOM MaMSITHU MO3BOJIMIO 3HAUUTEIBHO YBEIMUYUTH
BBIUMCIIUTENIBHYIO MOIIHOCTh KJIACTepa M PACHIMPUTH MPEJOCTaBIIEMOE MOJIb30BATEISIM JHCKOBOE
MPOCTPAHCTBO. DBBHIBIIMI IEHTpaNbHBIA CEpBEp HCIOJB3YETCS B HACTOSIIEe BpeMs sl paboOThI C
MPUIIOKEHUAMH, HAITUCAHHBIMU IOJ] CTAPYIO ONEPALMOHHYIO CUCTEMY .

BrImoHeH nepBhIif 3Tan padboT 1Mo CO3IaHUI0 HOBOM apXUTEKTYPhl KOMITbIOTEpHOTO Kitactepa JIHD u
ONTUMM3AIMM KOMMYHHUKALMOHHBIX JIMHUN cetn (puc.7). 3aMeHa CyIIECTBYIOIIUX KOMMYTaTOPOB
HEHTPAJILHOTO spa CeTH Ha MapumpyTtusupytomue kommyTatopel Cisco 3750, ycranoBka 1I0ut/c
unrepdeiica B kommyrtarop Cisco 85/0 CSR u mpuMEHEHHE BBICOKOCKOPOCTHBIX COCAMHEHHH Ha
OCHOBHBIX JIMHUSIX CETH TMO3BOJMIN MOBBICUTH HAJECKHOCTh CETEBBIX ONEpAIMii W 00ECIEUUThH CBS3b C
ceteto OUAN u apyrumu ceTssMH Ha TMTAOWTHBIX CKOPOCTSX. Bbla Takke BBITIOJHEHA pEeopraHu3aIus
Web cepsepa JIHD.
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Puc.7. Hosas apxumexmypa LAN JIH®.

Boimmonnen Oonbiioil 00beM paboT MO M3rOTOBIEHUIO M HalaJKe OJIOKOB aHAOTOBOM
ANEKTPOHUKH JJISl Ta30BbIX JE€TEKTOPOB U MOHUTOPHBIX CUETYUKOB.
Pazpa®oTan HOBBIH 3JIEKTPOHHBIA OJIOK Ui cOOpa JaHHBIX C MHOTOCYETYHKOBBIX CHCTEM.
[IpoBeneno nudpoBoe MoaenpoBaHUe OJI0KA IS HAKOIUICHUS TAHHBIX C 64-X CUCTYHKOB.
Ilo mporpamMmHOMY oOOECIEYEHHIO CHUCTEM cOOpa JaHHBIX BBIMOJHEHBI CIEAYIOLUIME OCHOBHBIE
paboTHI:
- Ha criektpomerpax FOMO u ®/IBP BBezaens! B skcrutyararuto [14/] nox ynpasienunem Sonix+ (PC,
Windows);
- MOATOTOBJIEHAa W mpoTecTHpoBaHa B JlyOHe Bepcus Sonix+ mia cnektpomerpa ACH ( UPM PAH,
ExarepunOypr).
- HayaThl paboOTHI MO MMOCTAHOBKE KOMIUIEKca Sonix+ Ha HeHTpoHHbIH nuddpakromerp MOHJ ( PHI]
uM KypuaTtoBa, Mocksa ).
- IPOTrPaMMHBIN KOMIUIEKC SOnix+ ObLT JOMOJHEH B CEPBUCHOM YaCTH, a TAK)KE YCOBEPLICHCTBOBAH /IS
YJIy4IIEHUS SKCIUTyaTallUOHHBIX XapaKTEPUCTHUK.
- Hayarta pa3paboTKa MporpaMMHOro o0ecreyeHus i yJaJIeHHOT0 HaOIr01eHUs 3a SKCIIEPUMEHTaMH Ha
cnexkrpomerpax MBP-2 o cern.

Bo Bpems nukinoB MIBP-2 mMoCTOSIHHO OCYyIECTBIISIACH 3JEKTPOHHAS U IPOTrpaMMHasi MOJIepiKKa
JKCIIEPUMEHTOB.

OcHoBHBICE 331241 1o Teme B 2007 r.:

1. Pa3zpaboTka MO3UIMOHHO-4YBCTBUTEIBHOIO JETEKTOpPa HEMUTPOHOB HA OCHOBE MHOIOIPOBOJIOYHON
NPONOPLMOHATLHON KaMepbl € HMHIUBUAYaJIbHBIM CUUTHIBAHMEM HMH(OpPMAIMK C KaXAOH HUTH
(IpoeKTUpOBaHME U M3MOTOBJIEHUE KOPIyca U JJIEKTPOJOB JAETEKTOpa, HpOoeKTHpoBaHue readout
JIEKTPOHUKH U IEKTPOHUKHU cOOpa TaHHBIX, IPUOOPETEHHE MAaTEpUAIOB U KOMIUICKTYIOLINX U3AEIIH ).



2. Pazpabotrka u wmsroroBnenue (coBmectHo ¢ WAUAD BAH, Codwus) s1eMEHTOB H30THYTOTO
MO3UIIMOHHO-YYBCTBUTEJILHOTO JETEKTOpA PEHTTEHOBCKOTO U3ITyUeHHS.

3. Co3paHue MOAYJIBHOTO CHMHTUJUIALIMOHHOTO JIETEKTOpa Ha OCHOBE MAaTPUYHBIX (DOTOYMHOKUTENIEH
(pa3paboTKa KOHCTPYKLHMH JETEKTOpa, MPOEKTUPOBAHHME PErHCTPUPYIOUIEH 3JIEKTPOHUKH, H3MEpeHHe
XapaKTePUCTUK COOPKHU — MaTpUyHbId D@DV + CHUHTWUISIIMOHHBIA 3KpaH).

4. Nzrorosnenue 8§ monyneit nerekropa ACTPA mist nudpakromerpa @CU.

5. Co3manne U30THYTOTO 3€pPKaJIbHOTO HEMTPOHOBOAA Ha kaHaie 7a peaktopa UBP-2 (pacuers u BbIOOD
BapHaHTa ONTHYECKOT0 KaHaia, IPOEeKTUPOBaHKE, IPHOOPETEHNE MAaTEPUAIOB U ONTHYECKUX 3JIEMEHTOB,
U3rOTOBJICHUE  MEXaHUYECKMX KOHCTPYKUMH TOJIOBHOM YacTH HEUTPOHOBOJAA, AEMOHTaX CTaporo
HEHUTPOHOBOJA ).

6. MonenupoBaHue, HU3TOTOBJIEHUE M TECTUPOBAHME AJIEKTPOHHBIX OJOKOB ISl MHOIOCYETYHMKOBBIX
cucrem u [TY]] ¢ muHUAMHA 3a0EPKKH.

7. Co3panue KaOenbHOM HWH(PPACTPYKTYpPHI CETEBOTO CErMEHTa SKCIEPUMEHTANbHBIX 3amoB KBP-2
(I'urabut Ethernet).

8. PazpaboTka cucTemMBbl yIpaBICHUS! UCTIOJTHUTEIBHBIMA MEXaHW3MaMu cniektpomerpoB UBP-2 Ha 0aze
nHaycrpuansHoro crangapra CAN.

9. MozaepHu3anus U MoAIepKKa HHPPacTPYKTyphl pabounX MECT HHKEHEPOB M ITPOTPAMMHUCTOB.

10. CoznaHue BakyyMHOI'O CTE€HIa Ui OTpabOTKM TEXHOJOruu ‘‘cryogen free” kpuocTaToB uis
cnexkrpomerpoB UBP-2M.

11. Pa3BuTne nporpaMMHOI0 KOMILJIEKCa SONiX+ /71 yAaJ€HHOTO KOHTPOJIS 32 SKCIIEPUMEHTaMHU.



4. EXPERIMENTAL REPORTS

4.1. CONDENSED MATTER PHYSICS

Diffraction

Crystal Structure of Chromium Hydrides
V.E.Antonov, A.1.Beskrovnyy, P.E.Butorin, V.K.Fedotov, M.K.Sakharov, M.Tkacz, S.G.Vasilovskiy
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1. Introduction

Chromium hydrides with compositions close to CrH can be produced electrolytically [1,2]
and under high hydrogen pressure [3,4]. Depending on the synthesis conditions, the hydrides can
have a hcp (g) or fce (y) metal lattice [2,4]. A room-temperature neutron diffraction investigation of
the e-CrH produced electrolytically showed that hydrogen atoms occupy octahedral interstitial
positions in the hcp chromium lattice and that the hydride is not magnetically ordered [5]. The vy-
CrH hydride has never been studied by neutron scattering.

In the present work, the y-CrH and e&-CrH hydrides were prepared electrolytically and
studied by neutron diffraction at liquid helium temperatures.

2. Sample preparation and experimental details

The samples of y-CrH and e-CrH, each weighing about 1.5 g, were prepared from 99.99%
CrOs by cathodic electrodeposition as described in [2,6,7]. Chromium hydrides produced in this
way are rather stable at room temperature and do not noticeably loose hydrogen during a few hours
[7]. The y-CrH and e-CrH samples were ground in an agate mortar and, when not in use, stored in
liquid nitrogen to prevent thermal decomposition. A small portion of a few milligrams of each
sample was analysed by X-ray diffraction and hot extraction.

The room-temperature X-ray diffraction examination (SIEMENS D-500 diffractometer,
monochromated CuK,; radiation) showed that the e-CrH sample was a single-phase &-CrH
compound, while the y-CrH sample contained a few percent admixture of e-CrH and Cr metal. The
hot extraction into a calibrated volume at temperatures up to 500°C gave the atomic H-to-metal
ratio X = 0.98(4) for the e-CrH sample and x = 0.93(4) for the y-CrH sample.

Both samples were studied by neutron diffraction at 8 K with the DN-2 diffractometer. A
powdered sample was enclosed in a cylindrical, thin-walled vanadium can and placed in a helium
refrigerator. The diffraction data were analysed with a computer program [8] based on the Rietveld
profile refinement technique.

3. Results and discussion

The neutron diffraction patterns of the e-CrH and y-CrH samples and the results of their
profile analysis are presented in Figs. 1 and 2, respectively. The smooth background has been
subtracted from the shown spectra to allow a better visual comparison with the calculated profi les.
Thankfully, the samples proved to be rather well-crystallised and homogeneous. Most diffraction
lines are well resolved and the profile fit of the pattern requires the Debye-Waller factors B¢, = 0.4
A" and By = 2.0 A™'. Similar values of B-factors are typical of powder d-metal hydrides prepared
by gas-phase absorption and this suggests a comparable degree of lattice disorder in our
electrolytical samples.

As seen from Fig. 1, the neutron diffraction pattern of the single-phase e-CrH sample
contains no new lines in addition to the lines of the hcp structure. The crystal structure of this phase
therefore belongs to the same space group, P6;/mmc, as the hcp structure of its metal lattice. In the
hcp structure, there are two types of highly symmetrical interstitial positions conforming to the
P6s/mmc space group. These are the octahedral positions (which are as many as the metal sites) and



tetrahedral positions (which are twice as many). As can be seen from the difference curve b in Fig.
1, a model assuming that hydrogen occupies every octahedral site gives a satisfactory profile fit of
the experimental spectrum. At the same time, this spectrum is qualitatively different from profile ¢
calculated for hydrogen randomly distributed over the tetrahedral sites. Correspondingly, any
admixture of tetrahedral hydrogen makes the agreement between the calculation and experiment
worse, and the model allowing partial occupancy of sites of both types converges to 100%
occupancy of the octahedral ones.

DN-2 T =8K e-CrH

Intensity, arb. units

Fig. 1. Neutron powder diffraction pattern of the e-CrH sample measured for 10 h at 8 K with the
time-of-flight DN-2 diffractometer at JINR in Dubna (open circles) and results of its Rietveld
analysis (lines). Curve (a) is the profile fit calculated for the NiAs-type P6s/mmc structure with
hydrogen atoms occupying every octahedral site in the hcp Cr lattice with a = 2.719(3) A and ¢ =
4.433(4) A. Curve (b) is the difference between the experimental (circles) and calculated (curve a)
spectra. Curve (c) is the spectrum calculated for X = 1 hydrogen atoms randomly occupying one half
of the tetrahedral interstices in hcp Cr, the other fitting parameters being the same as for curve (a).
The dashed curve labelled “magnetic as e-MnDyg” shows the calculated profile of the magnetic
contribution, which would be observed in addition to the structure lines of &-CrH if it were an
antiferromagnet with the same magnetic structure and magnetic moments of 0.73 pp/metal atom as
8-M1’1D()33 [14]

In agreement with the preliminary X-ray examination, the neutron diffraction pattern of the
v-CrH sample (Fig. 2) presents a superposition of diffraction lines of y-CrH and e-CrH and
chromium metal. The y-CrH phase shows no new lines in addition to those of the fcc structure
therefore the structure of this hydride belongs to the same space group, Fm3m, as its fcc metal
lattice. In full analogy with the said about the e-CrH phase, there are octahedral and tetrahedral
interstitial sites in the metal lattice of the y-CrH phase. A model with hydrogen atoms occupying the
tetrahedral sites is qualitatively inapplicable (see the calculated profile d in Fig. 2), while a model
with octahedral hydrogen allows a satisfactory profile fit. Assuming the octahedral hydrogen co-
ordination in the y-CrH phase, the profile analysis of the experimental spectrum gives a mixture of
86% y-CrH and 11% e-CrH and 3% bcc Cr metal for the phase composition of the y-CrH sample.

The lattice parameters of e-CrH and y-CrH determined in the present work well agree with
X-ray results of Ref. [9]. The NiAs-type crystal structure of &-CrH agrees with earlier neutron
diffraction data [5]. The octahedral hydrogen coordination established for both e-CrH and y-CrH is
characteristic of all hydrides with close-packed metal lattices that are formed by transition metals of
groups VI-VIII (see review [10] and recent paper on y-CoH [11]).



Of special interest are the magnetic properties of chromium hydrides because chromium is
the leftmost 3d-metal in the periodic table that shows magnetic ordering. This problem, however,
needs introductory remarks.
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Fig. 2. Neutron powder diffraction pattern of the y-CrH sample measured for 10 h at 8 K with the
DN-2 diffractometer (open circles) and results of its Rietveld analysis (lines). Curve (a) presents the
sum of calculated profiles for y-CrH (86%) and &-CrH (11%, curve (c)) and bcc Cr metal (3%,
curve (d)). The profile for y-CrH is calculated assuming a NaCl-type Fm3m structure with
hydrogen atoms occupying every octahedral site in the fcc Cr lattice with a = 3.854(3) A. Curve (b)
is the difference between the experimental (circles) and calculated (curve a) spectra. Curve (e) is the
profile calculated for X = 1 hydrogen atoms randomly occupying one half of the tetrahedral
interstices in fcc Cr, the other fitting parameters being the same as in the model with hydrogen on
octahedral sites. The dashed curve labelled “magnetic as y-MnH” shows the calculated profile of
the magnetic contribution, which would be observed in addition to the structure lines of y-CrH if it
were an antiferromagnet with the same magnetic structure and magnetic moments of 2.4 pg/metal
atom as y-Mn [15].

Concentration dependences of the spontaneous magnetization oo at T = 0 K (for
ferromagnets) and of the Néel temperature Ty (for antiferromagnets) of fcc (y) alloys of 3d-metals
which are close neighbours in the periodic table, are well described by the rigid band model and can
be represented as unique functions of the average number N° of external (3d + 4s) electrons per
atom of the alloy (the so-called Slater-Pauling curves). These dependences are plotted by thin solid
lines in Fig. 3. Our studies of y hydrides of fcc Ni-based and Fe-based alloys showed [12] that the
magnetic properties varied with increasing hydrogen content as if the hydrogen were merely a
donor of a fractional number of n ~ 0.5 electrons per H atom in the otherwise unchanged metal d-
band. This approximation, which we call the rigid d-band model for brevity, is a rather
straightforward consequence of the available ab initio band structure calculations, and its
applicability to alloys with different types of band structure has been thoroughly discussed in [12].
In particular, if the properties of the alloy obey the rigid band model, the properties of its y hydrides
considered as functions of the effective electron concentration N°(x) = N°(0) + n-X are described by
the thin lines of Fig. 3.

Due to the relatively narrow intervals of mutual solubility of 3d-metals in hexagonal phases,
the concentration dependences of their magnetic properties (two segments of thick solid line in Fig.
3) are known to a much lesser extent than those of the fcc alloys. However, if the available
experimental points for hexagonal hydrides are added to the graph as a function of N°(X) with n =
0.5 electrons per H atom, the properties of both hexagonal metals and hydrides can be described by
the same curves (dashed lines in Fig. 3). These curves are similar to those for the y alloys and are
likely to represent the Slater-Pauling plot for the (hypothetical) hexagonal alloys [13].



As seen from Fig. 3, the Néel points of the hexagonal alloys monotonically increase from 0
K at N° ~ 8.1 el./metal atom to 350 K at N° ~ 7.4 el./metal atom (the point for e-MnD3), and the
Néel points of the fcc alloys increase from 0 K at N° ~ 8.3 el./metal atom to 660 K at N° = 7
el./metal atom (the point for y-Mn). Both &-CrH and y-CrH have N° ~ 6.5 el./metal atom. The
dashed curves labelled “magnetic as...” in the upper parts of Figs. 1 and 2 show the calculated
profiles of the magnetic contribution, which would be observed in addition to the structure lines if
e-CrH and y-CrH were antiferromagnets with the same magnetic structures and magnetic moments
as the earlier studied phases with the nearest N°-values, namely, e-MnDy g3 [14] and y-Mn [15].
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Fig. 3. Slater-Pauling curves for fcc (y) alloys (experiment — thin solid lines) and hcp (g) alloys
(experiment — two sections of thick solid lines; an estimation — dashed lines) of 3d-metals that are
nearest neighbours in the periodic table. The symbols for hydrides show experimental data
presented as a function of the effective electron concentration, N°(x) = N°(0) + n-X, with n = 0.5
electrons per H atom: 1 — o of e-CoHy solid solutions; 2 — oy of &'-FeH with a double hcp metal
lattice; 3 — o of Fego47 Cro 053 Ho9o with a 9R-type metal lattice; 4 — Ty of €-Fe 776Mng 224; 5 — o of
e-Feo776Mng224Hy solid solutions; 6 — Ty of e-Fe; 7 — oy of e-FeHp4, (references to the original
experimental papers are given in Ref. [13]); 8 — Ty of e-MnDgg3 [14]; 9 — Ty of y-Mn [15]; 10 — Ty
of e-CrH and y-CrH [2]. X is the H-to-metal atomic ratio.

The calculated magnetic contribution to the neutron diffraction pattern of e-CrH (Fig. 1) is
too small to be seen against the background. The magnetic contribution to the pattern of y-CrH (Fig.
2) is significant, and the absence of corresponding diffraction lines in the experimental pattern of y-
CrH measured at 8 K therefore corroborates the conclusion [2] that this hydride is paramagnetic
down to helium temperatures. Assuming, in accordance with the NMR data [2], that e-CrH and y-
CrH are not magnetically ordered at temperatures down to 3 K, the Néel points of antiferromagnetic
hcp and fcc 3d-alloys as a function of decreasing electron concentration should reach a maximum
and then go down to helium temperatures at the N° values not less than 6.5 el./metal atom. This is
schematically shown by the dashed curves in Fig. 3.

Fig. 3 therefore presents the Slater-Pauling curves for hcp and fcc 3d-alloys delineated over
the entire range of electronic concentrations, where the alloys undergo magnetic ordering.
Interestingly, the steep decrease in the Néel temperature (and, correspondingly, in the magnetic
moments) of antiferromagnetic fcc alloys with N° decreasing in the range 7.0-6.5 el./atom is similar
to the steep decrease in o of ferromagnetic fcc alloys occurring in the invar range 8.8-8.4 ¢l./atom.
One can speculate that the strong dependence of magnetic properties on the electron concentration
suggests their strong dependence on the interatomic distances, and the antiferromagnetic fcc phases
(for example, hydrides of Cr-Mn alloys) in the range 7.0-6.5 el./atom would show invar anomalies
as well.



4. Conclusions

Phases of fcc (y) CrH and hep () CrH prepared electrolytically using the technique of Ref.
[7] show a good homogeneity and crystallinity comparable to those of e-CrH samples prepared by
gas-phase absorption at high pressure. The present neutron diffraction investigation and earlier
NMR investigation [2] of electrolytically prepared samples showed y-CrH and e-CrH to be
magnetically disordered down to helium temperatures. This allowed completing the construction of
the Slater-Pauling curves for fcc and hcp 3d-alloys over the entire range of electronic
concentrations, where the alloys undergo magnetic ordering (see Fig. 3).

This work was supported by grants Nos. 02-02-16859 and 05-02-17733 from the Russian
Foundation for Basic Research and by the Program “Physics and Mechanics of Strongly
Compressed Matter” of the Russian Academy of Sciences.
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ANALYSIS OF LIPID MULTULAMELLAR NEUTRON DIFFRACTION
PATTERNS MEASURED IN REAL TIME

Ryabova N.Yu., Beskrovnyy A.I., Kiselev M.A., Balagurov A.M.

Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research, Dubna, Russia

To understand the lipid bilayers organization and their behaviour it is very important first of
all to know their structure features. Neutron diffraction method is a powerful tool for the study of
biological and model membrane systems. Using standard Fourier transformation of lamellar neutron
pattern one can obtain the Fourier profile of scattering length density along axis normal to
membrane plane. Fourier profile analysis let us to determine such important parameters as the
membrane thickness, hydrophobic and hydrophilic regions, and the value of the intermembrane
space. Using high luminosity neutron diffractometer on pulsed reactor it is possible to carry out the
real-time experiments on the investigation of the kinetic processes in model membranes. If the
collection of the neutron diffraction pattern consisted of four Bragg peaks at least is a fast enough as
against the characteristic time of such process, it allows us to calculate the Fourier profiles, and to
define the internal membrane structure in addition to the standard repeat membrane distance
measurement [1].

Present Fourier profile analysis is especially relevant for the investigation of slower in
comparison with one in phospholipids bilayers kinetic processes in co-called Stratum Corneum
membranes. These multicomponent membranes are a lipid matrix model of the human skin
outermost layer, which is the main water penetration pathway.

We demonstrate here an example of the Fourier profile analysis application for the
investigation of the dipalmitoylphosphatidylcholine (DPPC) membrane hydration. Neutron
diffraction patterns from the oriented sample were collected at the diffractometer DN-2 of the IBR-
2. Diffraction pattern were recorded at fixed angles (20 =11°) of the two-dimensional position
sensitive *He detector. Figure 1 presents the set of spectra measured from the DPPC membrane
during hydration and dehydration at temperature of 20°C and at relative humidity of 98% and 58%
respectively. A concentration of D,O in H»O is 8% and corresponds to the zero scattering length
density of water.
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Fig. 1. Set of neutron diffraction patterns from DPPC Fig. 2. Change of the DPPC membrane repeat

membrane collected during hydration and dehydration. distance under hydration and dehydration.



The neutron scattering length density across the bilayer ps(X) is restored as Fourier synthesis:

2 2-7-h-x
ps(x):—ZFh-cos(—j, (1)
dts d

where h is the diffraction order, and Fy, is the structure factor calculated from the integrated peak
intensity. For Fourier profile analysis we used Gauss function (2) corresponding to methyl group,
and two functions (3) which describe symmetrical scattering length density distribution relative to
X =0 and corresponding to the “polar head”” molecular groups, and to the methylen groups.

A 1 (x=x,\
Pchs (X):\/Z-O'.exp _2'( O'Oj (2)
A
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Thus, the Fourier profile ps(x) was fitted by the function

sym sym

Pt (X) = Peps (X) + Py (X) + ppy (X) 4)

The membrane thickness and the “water” layer are estimated as dg = 2(xo + FWHH/2), where
FWHH =2-0--/2-1n2 is the width of the polar head group, and dy = d - dy, respectively.

Figures 3 and 4 show the time dependences of these membrane parameters.

50.0 4 12 4 1
K gt H
g 49.5- a ; ; % ;+ + s ¢ < 11 Héé .
3 : L[4 - 8 3
£ 49.04 @ E‘ 104 § 1
[ =
5 %r 5 : §
S 4851 .T-l__ J ::‘; 9 T
L ; Yiasias
48.0 S R ° 84 1
[ ?
47.5 T T T T T T T T T T T T 7 e e I L A B S e B B B
0 120 240 360 480 600 720 840 o 120 240 360 480 500 720 840
time, min time, min
Fig. 3. Change of the DPPC membrane thickness under Fig. 4. Change of the “water” layer under hydration and
hydration and dehydration. dehydration.

The obtained data show that under membrane dehydration the membrane repeat distance
(see Fig. 2) is decreasing by 2.2 A, and it comes out of the following two processes with the similar
time behaviour: increasing of the membrane thickness and decreasing the “water” layer by 1.4 A
and 3.6 A, respectively.
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ANOMALIES OF STRUCTURE AND PROPERTIES FOR TITANIUM
DISELENIDE INTERCLATED BY IRON
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For FexTiSe; intercalation compound the transition between regimes of heavy and localized
polarons, accompanying with structure anomaly, was studied using thermal analysis, high-
resolution neutron diffraction and DC-conductivity measurements.

Intercalation materials on a basis of titanium dichalcogenides demonstrate a polaron type of
localization of charge carriers [1]. The basic phenomenon found in such systems is a presence of
phase transition of the first order accompanying the change of a degree of charge carrier localization
at transition from a heavy polaron regime (HP, non-activated type of conductivity) to regime of
localized polarons (LP, activated conductivity). Moreover, delocalized state can be fixed by quench;
the transition between localized and delocalized states is accompanied by endo-thermal effect [2].
Thus, there is a base to consider the transition between HP and LP regimes as first order phase
transition.

In the present work, the features of structure and conductivity for FexTiSe, are investigated
using high-temperature high-resolution neutron diffraction and differential thermal analysis (DTA)
at change of a degree of localization of charge carriers at change of temperature.

Fe,TiSe;, x=0.1 u 0.25 samples were synthesed by ampoule method using elements [1,2].
The choice of composition is explained by absence of iron ordering effect for x<0.25. Electric
conductivity measured by standard four-probe method for ceramic samples quenched from 800, 600,
400 and 200°C and slowly cooled from 800°C (the last one is marked as MO-sample) is shown in
Fig. 1. It is visible, that the temperature of localization of charge carriers is TlOCZSOOOC.
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DTA experiment was carried out using Q-1500 automatic installation. Samples were placed
in pumped (out up to 107 torr.) quartz ampoule with a special groove for the thermocouple. It has
allowed to carry out preliminary heat treatments and DTA measurements, not taking a sample on air
to avoid degradation because of oxidation, uncontrollable chalcogen evaporation and so forth. The
sample weight was ~1 g, heating rate 5 °C/min, accuracy of DTA signal ~1 mkV. For MO-samples
small endo-effect is observed close 500°C, corresponding to HP—LP transition. At the range 350—
800°C for quenched samples there are no thermal effects. For both groups of samples the break



close 250-300°C is observed. The effect observed at 500°C is close to a point of transition between
modes of conductivity whereas the break at 300°C is not connected to a change of conductivity.

Neutron diffraction data were obtained using Furie diffractometer of the high resolution
(HRFD). Diffraction spectra were measured in a mode of sample heating from 25°C up to 650°C,
time of an exposition at each temperature 4 hours. The example of the spectrum measured at
T=25°C for MO-Fey,sTiSe,, calculated and difference spectra obtained by Rietveld method using
MRIA program are shown in Fig. 2. Calculation was made using the following structure model:
space group P3m (Nel64), Z=1, Ti atoms are located in (Za) (0 0 0) position, Fe atoms are in (1b)
(0 0 Y5)-position, Se in (2¢) (% % z)-position. At 25°C structure parameters were the following:
a=3.5927(1) A, b=5.9904(1) A, z(Se)=0.2553(2).
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Fig. 2. Neutron diffraction experimental, calculated and difference spectrum for MO- Fe,sTiSe,

sample measured at room temperature and processed using Rietveld method. Vertical strokes
specify calculated positions of diffraction peaks.

On temperature dependences of unit cell parameters for both investigated compounds with
x=0.1 and 0.25 the abnormal behavior is observed; for MO- Fe(,5TiSe, sample in a range 200-
400°C the deviation of temperature dependence of unit cell constants from linear is visible (Fig. 3).
For compound with small iron content x=0.10 the linear dependence of unit cell parameters is kept
in all a range, however in the same interval 200-400°C the thermal expansion coefficient has an
abnormal behavior, i.e. actually, the first derivative of functions a(T) and c(T). It shows that
structural anomaly still exists, but becomes much weaker when iron content is small that specifies
connection of structure anomaly with intercalated iron. Similar anomalies of unit cell parameters as
function of temperature with local minima of a(T) and ¢(T) were observed earlier close Tj,~130°C
for AgiTiTe; [3]. For compounds with silver the structural anomaly at Tj,. was accompanied by
endo-effect at the same temperature ~130°C [3]. For researched structures with iron the thermal
effect is present at higher temperature 500°C, in the same temperature where the jump of electrical
conductivity is observed (Fig. 1), while at 500°C no any structure anomaly was found.
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It is possible to assume, that difference between temperatures of anomalies of structure
close 300°C and physical properties at 500°C is a consequence of the fact, that the band of the
localized impurity state for Fe,TiSe; is located below 0.3 eV relatively Fermi level in comparison
with Ag,TiTe, system where it gets directly on Fermi level [3]. Then in case of Fe,TiSe, the
increase in a degree of localization for charge carriers should not affect kinetic properties, keeping
electronic states at Fermi level without change. The change should arise only in a case when the top
of the impurity band of localized states reaches Fermi level owing to thermal broadening of a band.
Thus, localization of impurity polarons, accompanying with lattice deformation, occurs at 300°C,
and transition to the metal conductivity, connected with an output of polaron band top on Fermi
level, is observed only at 500°C. Probably, this condition is fixed by quench.

Thus, in this work the direct data concerning influence of degree of localization of charge
carriers on crystal structure features are reported for iron intercalation compound based on titanium
diselenide.

The work is supported by RFBR, grant Ne 06-03-32900 and Programs of Ministry of
Education and Science of RF «Development of scientific potential of the high school»
(RNP.2.1.1.6945).
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STRUCTURAL PHASE TRANSITION IN PYRIDINIUM PERRHENATE
AT HIGH PRESSURE

S.E.KichanoV?, D.P.Kozlenko?, J.Wasicki®, W.Nawrocik®, P.Czarnecki®, B.N. Savenko?,
V.P.Glazkov® and C.Lathe*

“Frank Laboratory of Neutron Physics, JINR, 141980 Dubna, Moscow Region, Russia
bFacully of Physics, A.Mickiewicz University, Umultowska 85, 61-614 Poznan, Poland
‘RRC ‘Kurchatov Institute’, 123182, Moscow, Russia.

THASYLAB am DESY, Notkestrasse 85, D-22603 Hamburg, Germany

Pyridinium salts belong to the group of molecular-ionic crystals with hydrogen bonds, which
exhibit a reach variety of interesting phenomena such as structural phase transitions, ferroelectricity
and dynamical orientational disorder of the pyridine cations [1-4]. Two latter compounds are of
special interest because their Curie temperatures are above room temperature. The para-ferroelectric
transition is accompanied by the structural phase transformation, resulting in the change of the
disorder degree of pyridinium and perrhenate ions [5].

The precise determination of crystal and molecular structure is essential for explaining the
nature of the ferroelectric properties of pyridinium salts. The more complete structural information
for PyHReO,, including hydrogen atoms coordinates, can be obtained from neutron diffraction
investigations, if deuterated sample is used, while the pressure behavior of lattice parameters may
be investigated by X-ray diffraction. In order to study the structural P-T phase diagram in the
extended pressure range than previously and obtain more detailed information about structural
parameters of different phases, we have performed combined energy dispersive X-ray diffraction
and neutron diffraction measurements with a deuterated pyridinium perrhenate (dsPyH)ReO,,
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Figure 1. The pressure dependence of the lattice parameters of the pyridinium perrhenate. The solid lines

represent the linear fit of the experimental data.

The X-ray diffraction experiments at high pressures up to 3.5 GPa and room temperature were
performed with the F3.1 beamline using white synchrotron X-rays from the storage ring DORIS 11,
Hamburg, Germany. At ambient conditions the orthorhombic phase Il with space group Cmc2; was
evidenced. At pressures P > 0.7 GPa changes in the diffraction patterns were observed. They
correspond to the appearance of the orthorhombic phase | with space group Cmcm under high



pressure. The dependence of the lattice parameters of both phases are shown in figure 2. The linear
compressibility of lattice parameters and bulk modules of both phases are calculated.

Neutron diffraction measurements at high pressures up to 2 GPa and temperatures 10-300 K
were performed with the DN-12 spectrometer at the IBR-2 high flux pulsed reactor, Dubna, Russia.
No changes in diffraction patterns at P=2 GPa on cooling down to 10 K were observed, indicating
the stability of the phase | in the whole studied temperature range of 10-293 K. The atomic
coordination for phase I, 11 and 111 were obtained. The behaviour of hydrogen bond at high pressure
is discussed.

The P-T phase diagram of deuterated pyridinium perrhenate constructed on the basis of the
obtained experimental data and data from ref. [5] for protonated compound are shown in figure 6.
The stabilization of the paraelectric phase | under high pressure implies the suppression of the
ferroelectricity in (dsPyH)ReOQ,.
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Figure 2. Phase diagram of (dsPyH)ReO, constructed on the basis of the present data and data
from ref. [5].
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GENERALIZED PHASE DIAGRAM OF HEXAGONAL FRUSTRATED
MANGANITES
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The hexagonal manganites RMnOs belong to unusual type of multiferroic materials showing
coexistence of ferroelectric behavior and magnetic ordering and the ferroelectric transition
temperature 7¢ ~ 600 - 900 K is found to be much higher in comparison with antiferromagnetic
(AFM) ordering temperature 7y ~ 70 — 130 K [1]. Magnetic properties of RMnO; manganites
depend substantially on the ionic radius of R cation ». A rich variety of magnetic properties of
hexagonal manganites reflects the modification of the balance between different in-plane and inter-
plane magnetic interactions due to changes of the geometry of Mn-O-Mn network upon variation of
the » value [2]. Apart from the variation of ionic radius of R cation, interatomic distances and angles
in the structure can be modified directly by application of high external pressure. In order to study
the interplay between a modification of structural parameters and relevant changes of the magnetic
structure of the hexagonal manganites, neutron diffraction experiments at high external pressures up
to 6 GPa with YMnO; and LuMnO3; compounds having initial triangular AFM states of I'; and I,
symmetry were performed.

The obtained results provided evidence that a direct relationship between the distortion of the
triangular network formed by Mn and O ions and magnetic state exists [3]. Such a distortion can be
characterized by the parameter s = (/mn-04—IMn-03)/(In-04Ivin-03), Where Iyn.03 and lvn-04 are Mn-O3
and Mn-O4 bond lengths in the triangular (ab) planes. The generalized magnetic phase diagram in
terms of parameter s is shown in fig. 1. At ambient pressure the hexagonal RMnO; compounds with
a relatively large s ~ 0.025, like YMnOs3, exhibit the triangular AFM state of I} symmetry. The
compounds with a small s <0.010, like LuMnO3, exhibit the triangular AFM state of I, symmetry.
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In YMnO; the s value decreases from 0.025 to 0.016 with increasing pressure to 5 GPa while it
remains nearly constant in LuMnOs (Fig. 2). Such a rapid decrease of s in YMnOj correlates with a
change of the triangular AFM state symmetry from I'; to I, through the mixed I'} + I
representation consistent with the proposed generalized magnetic phase diagram (Fig. 1), as well as
with a rapid decrease of the ordered Mn magnetic moment (see the inset of Fig. 2). The observed
weak pressure dependence of s in LuMnO; under high pressure (Fig. 2) is also in good agreement
with a stability of the triangular AFM state symmetry of I'; representation in terms of the magnetic
phase diagram of Fig. 1. It may as well explain why we observe a considerably small decrease of
the ordered Mn magnetic moment under high pressure (Fig. 2) in comparison with that of YMnOs;.
The decrease of s is expected to enhance geometrical frustration effects due to symmetrization of
triangular lattice, leading to the decrease of ordered magnetic moment.
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Fig. 2. Pressure dependence of the distortion parameter of triangular network formed by Mn and O
ions (at 295 K) and the ordered Mn magnetic moment (at 10 K) in YMnO; and LuMnOs.
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A NEUTRON DIFFRACTION STUDY OF THE STRUCTURE AND
THERMAL BEHAVIOUR OF FRAMEWORK PHOSPHATES OF
ZIRCONIUM AND TANTALUM
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Investigations of new materials being stable under large thermal gradients are of importance.
There exists a demand in them in different fields of modern technologies. These are ceramics
having different applications (e.g. immobilization of radwastes) and also construction materials
(containers for transportations and containment of nuclear materials; spaceships coatings; carriers
for space mirrors and catalysts, size-preserving equipment [1].
In this connection we carry out
investigations  of  framework  type

30 ‘f‘xlo_é’ °c’ orthophosphates, the structural analogues
of  sodium  zirconium  phosphate

25 - 3 .- NaZry(PO4); (NZP). Their high stability
“““ et under the influence of different types of

20 1 T energy is accounted for the considerable
/5 - g 2 contribution of the covalent component
into framework-forming bonds.

01 2 Crystallochemical modeling of new
y compositions of pentavalent elements

5K 1 (Nb, Ta) phosphates with expected
. e thermal behavior, in particular, ultralow

0 ”s ) _/—/1’.‘3/// , and tailorable thermal expansion is
5 “"" Framework charge, n carried out by our scientific group [2].

Fig. 1. Dependence of the axial coefficients of thermal

The dependence of thermal expansion
parameters (axis coefficients a, , o, and

expansion a, (1), a. (2) and anisotropy of thermal
expansion | a,- occ| (3) on the framework [Fe ;. .Nbs,.
«(PO,);]" charge n in the phosphate series
NayifFej+:Nbs3o(POys] (0<n <2, n = 2x).

thermal expansion anisotropy |o,-0| ) on
the framework charge and occupation
extent of the interstitial sites is
established (fig.1).

In order to reveal the character of thermal deformation mechanism and to determine the
evolution of structure parameters upon heating we have experimentally studied the structure of
NayFesnNby, (POs)s phosphate in the temperature range 20-600°C.

The samples were synthesized by solid-state reaction method with the heat treatment at 450,
600, 800, 900°C and characterized by X-ray powder diffraction and IR-spectroscopy. Structure

refinement of NayFes;,Nby, (POy4); phosphate was carried out assuming R3c space group by
Rietveld technique using VMria computer programme. Neutron diffraction spectrum of powder
sample was detected at the room temperature and at 600°C using the time-of-fligth diffractometer
DN-2, installed on the impulse reactor IQR-2. The structure of Na; 9Ti;1Alpo(PO4); was used as a
structural analogue [3].

Lattice parameters and results of crystal structure refinement of NayFe;»Nbj, (PO4)s
presented in table 1; the corresponding selected interatomic distances are showed in fig.2.

The framework is built up from the units (““dimmers”) consisting of two octahedra ((Fe/Nb)Og
in this case) linked by three bridging POs-tetrahedra. The presence of these units is typical for all
compounds of NZP-type [4,5]. Iron and niobium cations statistically occupy a 12-fold site (00z).

arc



[Fes2Nby2(PO4)s]* units are located on the three-fold axis and joined together by common oxygen
atoms thus forming a three-dimensional lattice. There are two types of interstitial sites: M1 and M2
(they differ in location and size) in the ratio M1:M2=1:3.

Tablel. Lattice parameters and results of the structure refinement of Na Fes,»Nb;2(POy);3

sp. gr. | a, A c, A Z | d-range. | number Rexp | Rup | Rp xz
of reflections
T=17"C | R3¢ | 86812 21,9732 |6 | 0,95-4,68 | 204 3,43
T=592°C | R3¢ | 8,7726 | 22,4936 | 6 | 0,92-4,79 | 238 4,18

Na atoms in NayFes,Nby, (PO4); structure fully occupy six-fold site of M1-type, whereas the
eight-fold site of M2-type is occupied by one third with Na atoms.

2510 ¥ 519

Fig. 2. Structure fragement of Na,Fe;,Nb;,,(PO,); (a) and
thermal deformation of the “dimmer” (6)

High temperature powder neutron diffraction allowed to evaluate the contribution of different
bonds, polyhedra and interpolyhedra angles to the total thermal structure deformation.
It was established that Na-O bonds are the most subjected to the influence of temperature. The
increase of Na-O bond lengths leads to the expansion of the structure along the c-axis to greater
extent than in other structural dimensions. The increase of all bond lengths is accompanied by the
correlated turning of all polyhedra. This fact prevents the expansion of the “dimmer” columns along
the ag-axis and so the a-parameter does not significantly increase.

In this work we have also discussed the influence of occupation of the M2-sites by Na-
cations and interpolyhedra angle distortion on the thermal strain of the whole structure.

In order to examine heating induced changes in cubic structure of langbeinite-mineral type
we have also carried out the investigation of Cs;Mgy sZr; s(PO4); phosphate by high temperature
neutron diffraction. Whole pattern (Rietveld) method has been used. Temperatures of the
experiments were: 15, 150, 300, 450 and 600 oC.

Framework forming polyhedra strains can be estimated by means of the value of maximum
difference A in the bond length. These values were found to be different at different temperatures
[6]. At 15 °C the phosphorous tetrahedra are slightly strained: A=0.05 A, and the values of the O-P-
O valent angles are close to the ideal tetrahedra angle and equal to 109.5°. With temperature
increase, bond length changes and A-value reaches 0.21 A at 600 °C. Strains of metal-oxygen
MgOg- and ZrOg- octahedra change to the less extent: A=0.23 A at 15 °C and A=0.35 A at 600 °C.
Turning of polyhedra also takes place upon heating (fig.3).

Thermal expansion coefficients of Cs,MgysZr; s(POs4); phosphate are o, = (3.93 - 5.05)
x10°°C" .



Fig.3. Deformations of the framework forming polyhedra upon heating

Thus, we can consider that the thermal expansion of langbeinite and NZP-type phosphates
differs in the value and character of deformations. NZP-like phosphates expand anisotropically.
Thermal expansion parameters depend on the nature of cations, occupying the interstitial sites and
also on the extent of occupation. The decrease in occupation of interstitial M-sites leads to the
decrease of structure deformation upon heating. Some NZP phosphates have near zero thermal
expansion anisotropy.

Framework phosphates with cubic structure expand isotropically. The nature of cations,
occupying interstitial sites does not significantly affect the thermal structure deformation
0a (KaMgo sZr15(PO4)3) = 5.3:10° °C™ at 600 °C, and a.(Cs;MgosZr s(PO4)3)= 5.05-10° °C' at
600 °C.

References

1. Orlova A.L et al, J. Matt. Sci. Lett. 40 (2005) 2741,
Orlova A.L et al., Kristallographiya (Rus. J. Cryst.) 49 (2004) 724,
Mouahid F. E.et al., J. Mat. Chem. 10 (2000) 2748,
Voronkov A.A. et al, Kristallographiya (Rus. J. Cryst.) 20 (1979) 556,
Sizova R.G. et al, Kristallographiya (Rus. J. Cryst.) 26 (1981) 293,
Orlova A.L et al, Radiochimia (Rus. J. Radiochem.) 47 (2005) 213.

SARNANE Bl N



THE STUDY OF La;,SryCoOs3 (x = 0.0 + 0.5) BY X-RAY ABSORPTION
SPECTROSCOPY AND HIGH-RESOLUTION NEUTRON DIFFRACTION
METHODS
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Correlations of the local atomic and electronic structure with crystal lattice structural
parameters changes have been studied by X-ray absorption spectroscopy (EXAFS/XANES) and
high-resolution neutron diffraction in La; (SryCoO3 (x = 0.0, 0.2, 0.3 u 0.5). The valence state of the
cobalt ions has been probed by XANES. It has been shown that the substitution of La®>" for Sr**
leads to the small increase of the Co—Co interatomic distances and to an appearance of the mixed
Co*"/Co*" intermediate spin state configuration. The crystal structure of cobaltites has been refined

using the Rietveld method. The variations of the Co-O distance and the Co-O-Co angle in La;.
S1xCo03 (x = 0.0, 0.2, 0.3 u 0.5) have been precisely established and analysed.
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Fig. 1 Neutron diffraction pattern of LaCoOs: experimental curve (continuous line), refinement
points (open circles) and their difference (continuous line below). Ticks show the predicted 260
positions for the Bragg peaks.
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Introduction
The comprehensive knowledge and description of the geodynamic effects (rockbursts, earthquakes,
and others) in Earth’s lithosphere requires the improvement and further elaboration of existing
physical models of the geological medium. Studies of physical processes and phenomena causing
mechanical instability of rocks under the effect of high temperatures, pressures, tectonic stresses,
and other factors are important. Anomalous properties of rock minerals have to be taken into
account. It should be noticed that physical fields in lithosphere have gradient nature due to the
anisotropy and heterogeneity of the geological medium and spatially inhomogeneous distribution of
thermodynamic parameters. Temperature gradients have a significant effect on processes in the
Earth's interior (in particular, the prefracture processes).

This essay discusses registered acoustic activity of marble and sandstone caused by
temperature gradients, and the influence of non-uniform heating on propagation of elastic waves in
samples and on their crystallographic texture.

Samples selection

This work continues the systematic studies of rock properties at high temperatures and mechanical
loads [1-3]. Thus, next samples which was selected. Coarse-grained marble from Koneprusy cave,
30 km southwest of Prague, contained more than 98% calcite. Laminated sandstone of the
Cretaceous from SE Germany consisted of more than 95% quartz. Six samples of cylindrical form
(30 mm in diameter and 60 mm in length) were prepared: vap00, vap04, vap05 (marble) and
sandstone0, sandstonel, sandstone2 (sandstone). Samples vap00 and sandstone0 were used only for
texture measurements.

Study of the crystallographic texture of the samples

The crystallographic texture controls the anisotropy of material. At this stage of experiment it was
preferable to avoid the influence of anisotropy on the crack formation e.g. to select samples with
nearly chaotic crystallographic textures. According to [4] slow heating may not cause the acoustic
activity due to plastic flows. Measurements of texture before and after heating can reveal plastic
deformations in samples.
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Fig.1. Pole figures (0001) and (11-20) of quartz in sandstone samples sandstone0 and sandstone?2.
Maximum and minimum intensities are shown.

Texture measurements have been carried out at the neutron texture diffractometer SKAT at
the beam 7a of reactor IBR-2. Pole figures of quartz in sandstone samples sandstone0 and
sandstone2 are shown on Fig.1.

All of the samples show a weak texture, which is almost completely unaffected by heating.
Therefore, samples can be considered as quasi-isotropic in physical properties on a macroscopic
scale. In addition, we may assume that plastic flow is absent in the samples.

Method and results of acoustic experiment
In the experiment, a temperature gradient was created along the radius of sample. For this purpose,
axial holes 3 mm in diameter were drilled in samples and a heating element was placed inside this
holes. The temperature was controlled by two thermal resistors on the sample surface and one
inside the sample. To record acoustic emission and determine the velocities and attenuation of
elastic waves in sample, six resonance piezoelectric transducers were used. The Vallen AMSY-5
multichannel system was used for data recording.

Samples sandstonel and vap05 were heated gradually, with a step of up to 20°C (the mean
rate of heating of the sample surface was ~0.5°C). Thus, the temperature gradient increased also
slowly from 0 to ~400°C/cm. The maximum temperature (~800°C) inside samples sandstone2 and
vap04 was created almost instantaneously, which resulted in temperature gradients of up to
520°C/cm. With time this gradient reduced to ~400°C/cm. Sample sandstone2 also was
subsequently held under stable thermal conditions for four hours (at surface temperature ~236°C
and inside ~800°C).

Some results of acoustic experiments are shown on Fig.2 and Fig.3.
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Fig.2. Surface temperature (solid line) and acoustic activity (histogram) of sample sandsone2 (left —
rapid heating, right — rapid cooling).
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The following features of acoustic activity of marble and sandstone should be noted:

e at a slow stepwise heating local maxima of acoustic activity are attained at the initial stage
of heating with the rise of the temperature gradient;

e in the sandstone samples, a maximal acoustic activity is attained at maximal temperature
gradient in the sample;

e the intensity of acoustic activity of sandstone subjected to slow heating is two orders of
magnitude higher than in case of rapid heating;

e temperature dependencies of acoustic activity in the marble samples are similar at different
heating rates, acoustic activity attains maxima at surface temperatures of 30-60°C and higher
than 200°C;

e during cooling, all samples demonstrate maximal acoustic activity at the moment of
switching-off the heater, and the emission intensities of different samples are comparable.

The following features of elastic wave velocities and attenuation behavior should be noted:

e regardless of heating regime, the elastic wave velocities decrease throughout the
temperature range; during cooling, velocities increase linearly;

e attenuation of the elastic waves virtually independent of the heating regime;

e at sandstone samples, the temperature dependence of the attenuation shows essentially non-
linear behavior;

e in sandstone held at a constant high temperature and high temperature gradient, the energy
of passing waves dropped in a jumplike manner by ~20% 3.5 hours after beginning of the
experiment; drop was preceded by an increase in the temperature by 2°C.
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THE MOLECULAR STRUCTURE AND DYNAMICS OF 2-AMINOPYRIDINE-
3-CARBOXYLIC ACID BY X-RAY DIFFRACTION AT 100K, INELASTIC
NEUTRON SCATTERING, INFRARED, RAMAN SPECTROSCOPY AND

FROM FIRST PRINCIPLES CALCULATIONS
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In contrast to the aliphatic aminoacids which in majority exhibit zwitterionic structures, N-
heterocyclic aminoacids show a variety of hydrogen configurations. For example, no transfer of a
proton has been reported in the molecule of 3-aminopyrazine-2-carboxylic acid. Its molecules interact
via rather weak hydrogen bonds [1-3]. Dimeric molecular units formed by two acid molecules bridged
by O-H...O bonds are observed in the structure of 3-aminobenzenecarboxylic acid [4, 5]. On the other
hand, an X-ray crystallographic study of 2-aminopyridine-3-carboxylic acid revealed a transfer of the
proton from the carboxylic group to the hetero-ring nitrogen atom. A zwitterionic molecule is formed
in this way [6]. For this reason, as a successive step in our research on aminoacids by Inelastic Neutron
Spectroscopy (INS) a combined study of the molecular structure of the latter compound by X-ray
diffraction, INS, IR and Raman spectroscopy supplemented by DFT calculations was undertaken.

Neutron scattering data collection was carried out at the pulsed reactor IBR-2 in Dubna using
the inverted time-of —flight spectrometer NERA-PR [9]. The temperature of the sample was maintained
at 20(2) K. The spectra were converted from neutron per channel to S(Q,@) function per energy
transfer. In the energy transfer range from 5 to 100 meV the relative INS resolution was about 3%. The
S(O, w) against energy transfer range is shown in Fig.1. The structure of the sample could be controlled
in the temperature range from 20 K to 300 K because the NERA-PR spectrometer can record
simultaneously powder diffraction patterns of the sample in this temperature range.

The total energy optimization and the harmonic force field calculations have been performed
using the DMol3 program [10, 11] as a part of Materials Studio package [12]. The results have been
obtained for solid 2-aminopyridine-3-carboxylic acid within the local density approximation (LDA) at
PWC [13] and VWN [14] functionals and within generalized gradient approximation (GGA) at PW91
(Perdew-Wang generalized gradient approximation [13]), PBE (Perdew-Burke-Ernzerhof correlation
[15]) and BLYP (Becke exchange [16] plus Lee-Yang-Parr correlation [17]) functionals. Calculations
have been performed using DNP basis set as implemented in DMol3. For the system of 64 atoms in
crystallographic unit cell has been obtained 189 frequency modes, in which, 168 describe normal
vibrations of four molecules and 21 describe a translation and rotation modes.

Inelastic neutron scattering spectra (including overtones, combinations and interaction with
lattice modes) were calculated from mass weighted normal vibrational coordinates using
auntieCLIMAX program [19] adapted to the parameters of the NERA-PR spectrometer. The calculated
INS spectra are presented on Fig. 1.
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MICRODYNAMICS OF LIQUID LITHIUM-HYDROGEN ALLOY: INVESTIGATION
BY INELASTIC NEUTRON SCATTERING

N.M. Blagoveshchenskii, V.A. Morozov, A.G. Novikov, M.A. Pashnev, V.V. Savostin,
A.L. Shimkevich"

State Scientific Center of Russian Federation — Institute of Physics and Power Engineering,
Obninsk
Russian Research Center “Kurchatov Institute”’, Moscow

The usage of liquid lithium as a coolant in nuclear power devices stipulate the necessary
investigation of this metal alloys peculiarities during development of coolant technology and its
rectifying with respect of admixtures [1]. It is widely appreciated that the further progress in this
area of utilization, and in the liquid state theory as well, is impossible without detail study of liquids
microstructure, their atomic movement, and admixtures behavior in them. The method of inelastic
slow neutron scattering is the powerful one to get a very useful information [2].

Experiments by inelastic neutron scattering on liquid Li—H alloy were carried out with
double time-of-flight DIN-2PI spectrometer [3] incorporated with pulsed reactor IBR-2 (FLNP,
JINR, Dubna). Initial energy of neutrons was 30.8 meV. Energy resolution of elastic peak was
about 3.5 meV. Container of sample — liquid lithium and Li—H alloy — was the coaxial cylinder of
outer and inner diameters, 80 mm and 65 mm respectively and 110 mm in height. The walls of the
container were made from ARMCO-iron foil, 0.15mm-thick. The hydrogen-admixture
concentration was held at 2 % at. The samples temperature was 557°C.
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Fig.1. Typical DDS of scattered neutrons by Li (open symbols, [2]) and Li—H (full symbols).



During inferring the double-differential scattering cross sections (DDS) from the measured
spectra the corrections on neutron flux attenuation by the transmission through the sample (with the
presence of container matter), as well as the self-screening effect of empty container were
introduced. The energy dependence of detector efficiency was taken into account. The corrections
on multiple scattering and multiphonon processes were calculated by the method described in [2].
Some typical DDS of scattering are shown in fig. 1 and can be understood as demonstration of the
additive nature of them at small scattering angles: it is clear that the metal (Li) matrix forms the
acoustic part of the excitation spectra while the proton (hydrogen) forms the optic one.

Basing on the assumption of the experimental spectra additivity (fig. 1) the frequency
spectra of lithium atoms and protons oscillations were obtained with the help of program complex
SLOWN [4]. Each partial frequency spectrum was established as belonging to the “monoatomic
liquid”, lithium, and hydrogen respectively.

During the estimation of the frequency spectrum for alloy Li—H one can bear in mind that
for the multicomponent mixture the following formula of one-phonon incoherent scattering takes
place [5]:

(1

dc)  k hQ’ ()
dQde ), . 2koN & ™" -1

Here &y and k are wave vectors of incident and scattered neutron, Q = k-ko , € = E — Ey , N is nuclear
density of scatterer. According to the formula (1), from the experimental data one can infer not the
frequency spectrum of atoms oscillation, g(e/h), but the so-called spectral neutron-weighted
function, 0(¢):

0(¢) =g(s/h)if, a](f’e‘””flcj m] )

J

Here apyc 1s the length of incoherent scattering, P; = [Cj(s/h)]2 1s average squares of polarization
vectors for the partial components of phonons in alloy, being f;P;+f>P>+...= 1, and f; is relative
concentration of atoms (sort j) by mass M;. The function 0(¢) can be written in the another form:

2
a INC -2,

M

J

o) = if, g, (e/h) 3)

Here gj(e/h) is the frequency spectra of the partial monoatomic liquids. Taking into account the
partial frequency spectra for lithium and hydrogen found earlier [2], we can estimate the function
0(e) for Li—H alloy (see Fig.2, curve 3). Now, with known function 6(g), and using the relation (2),
the sought-after frequency spectrum of this alloy can be obtained, if the corresponding polarization
vectors are known. Having no the other possibility, we use the polarization vectors counted [6] for
the solid lithium hydride. The frequency spectrum for Li-H (2 % at.) alloy estimated so is
demonstrated by Fig. 2 (curve 4). The frequency spectrum for Li—H alloy reveals, in general
features, the resemblance with the one for the solid lithium hydride [6].
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QENS STUDIES OF DURENE AND TCNB-DURENE CHARGE TRANSFER
COMPLEX
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The quasi-elastic neutron scattering (QENS) spectra of durene and TCNB-durene complex
were measured using the direct geometry spectrometer DIN-2PI, operating at the IBR-2 pulsed
reactor of Joint Institute for Nuclear Research in Dubna, Russia. The initial neutron energy of 4.71
meV was used, the energy resolution was 0.14 meV (HWHM). The spectra were measured
simultaneously for 18 scattering angles between 6° and 134°, corresponding to momentum transfer
Q < 2.8 A™t. The spectra for durene were measured at temperatures T = 47 K, 100 K, 150 K, 200 K,
250 K and 290 K. For TCNB - durene complex the spectra were measured at T = 80 K, 150 K, 220
K and 290 K.

The measured spectra were corrected for the sample-holder scattering, the constant
background of fast neutrons and for the inelastic scattering background. The multiple scattering
corrections were applied as well. The instrumental resolution function was determined by
measuring the spectra of vanadium. The resolution function was described by a slightly distorted
Gaussian function.

For both substances no quasi-elastic broadening was observed for temperatures below 150 K
(see Figures below). The spectra measured at temperatures from 150 K to 290 K could be described
by the model of instantaneous 120° jumps of the CH3 groups around the three-fold symmetry axis.

The fitted mean time between jumps z changes from 40 ps at T =150 K to 7 ps at room
temperature for durene and from 20 ps at T = 150 K to 5 ps at room temperature for TCNB—durene
complex. The temperature dependence of the best-fit time r can be described by the Arrhenius
formula. The fitted activation energy is 4.8 + 1.3 kJ/mole for durene and 3.3 + 1.2 kJ/mole for
TCNB-durene complex.

The results of the QENS experiment for both substances are being published as a part of a
larger paper containing also the results of other experimental methods in the journal Phase

Transitions.
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INTERNAL DYNAMICS OF 17-a-METHYLTESTOSTERONE
STUDIED BY 'H NMR AND IINS
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OH 17-a-Methyltestosterone  of the chemical formula
Ca0H3002 ¥2 H,O is built of a four-ring steroid carbon

C(18)H, skeleton: three cyclohexane rings denoted henceforth as
C(20)H, A, Band C, and a single cyclopentane ring denoted as D.
In the 17-a-methyltestosterone molecules tree methyl

groups denoted as C(19)H3, C(18)H3 and C(20)H3 are

attached to the carbon atoms skeleton at C(10), C(13) and

C(17), positions, respectively (Fig.1). Carbon atom C(17)

is also substituted by a hydroxyl group. 17-a-Methyl-

Fig.1. Structure of the testosterone crystallizes in the tetragonal primary cell

methylotestosterone molecule and the with the spatial group P2,2,2;, Z=8.

The information on internal dynamics can be obtained
from the temperature dependencies of: the slope line width and the second moment of *H NMR line
as well as from analysis of the phonon density of state spectra and the assignment proposed on the
basis of quantum mechanical calculations. The aim of our studies was analysis of the dynamics of
methyl groups substituted at the steroid skeleton in different local arrangements.

Neutron scattering measurements were made on the inverted geometry time-of-flight NERA
spectrometer operating at the pulsed reactor IBR-2 in Dubna. The quantum mechanical QC
calculations were performed by the semi-empirical (as less time consuming) and the ab initio
density functional theory methods. The DFT optimisation using Gaussian 03 set of programs was
performed with the B3LYP hybrid functionals in conjugation with People basis set using all atoms
coordinates from the crystals structure. The *H NMR measurements were carried out in the
temperature range of 90-300 K on a home-made apparatus, with the continuous wave spectrometer
operating in the double modulation system at 25 MHz .
17--methyltestosterone No phase transitions were observed in the
temperature range studied. The tetragonal
‘ unit cell parameters are as follows: at 287K:
YA 4| a=6.38, b=12.63, c=44.13 and at 20 K:

ﬁi ‘ a=6.23, 12.74, c=42.51 in [A] . The IINS
L

G, [a.u]
T

i spectra were measured versus the incoming

é
i? / neutron wave-length from 0.7 to 6 A at 287
; % %@gmo K Kand 20 K
b
- i,

The T1INS spectra were transformed into the
phonon density of state spectra G(v) in one
3 o o . phonon scattering approximation, as shown
energy transfer [cm] in Fig.2. The Gexp(v) spectra were compared
Fig.2. Phonon density of state spectra of 17-a- with the ones calculated by _PM? and
methyltestosterone at 287 and 20 K. DFT/B3LYP/6-311G** methods, in Fig.3.
The quantum mechanical calculations permitted determination of the frequencies of internal normal
modes and prediction of their assignment. In particular, according to PM3 calculations the torsional
out-of-plane modes of the subsequent methyl groups C(18)Hs;, C(19)H; C(20)H3
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should be at: (255.8; 275.2) cm™ (196.8; 206.7;
230.6; 242.7; 290.1) cm™ and (230.6; 242.7) cm
! The DFT calculations give that torsional out-of-
plane modes of methyls at: (148,4; 174.7; 189.0;
200.3; 227.9; 233.4; 255.9; 267.8), (174.7; 189.0;
219.7; 227.9; 255.9; 267.8), (267.8; 278.4; 295.8)
for C(18)Hs, C(19)H3 and C(20)Hs, respectively
(in sublattice A).In the IINS spectrum at 20 K the
very intensive bands assigned to the methyl
groups torsion are observed at (223.4; 271.1) cm’
! at (157.1; 190.3; 216.2; 281.5) cm™ and (190.3;
216.2) cm™ for three methyl groups, respectively.

The internal dynamics of the methyl groups was
determined by 'H NMR. Fig.4 presents the
temperature dependence of the second moment of
'H NMR line. With increasing temperature the
value of M, decreased continuously from 20 to 15
Gs?. The experimental values are interpreted with
respect to the value of M, calculated for the rigid
lattice according to the van Vleck formula
M,=358.081 N, 'Zrj®, where No-the number of
protons in the unit volume analysed, rj- the
interproton distance. The reduction of M, may be
attributed to subsequent onset of internal
reorientation of methyl groups. The use of the
hydrogen position of methyltestosterone from the
X-Ray data [1] was assuming the steroid skeleton
structure and the length of C-H bond as 1.09A
and the CCH angles as tetrahedral leads to an
unrealistic value of M,

The intramolecular part of the second moment for
the rigid lattice was calculated as 21.6 Gs°
Having taken into regard the subsequent onset of
reorientations of one, two or three methyl groups
around the three-fold symmetry axes, the value

of M, was found as 17, 13 or 10 Gs?. The intermolecular contribution to M, was 5 Gs®. Taking into

account the above values, the temperature dependence of M, can be interpreted as indicating a
subsequent onset of the methyl groups reorientations. The calculations of the energy of the

molecule versus methyl positions give different values of the barrier for subsequent methyl

reorientation [2]. In conclusion, the methyl groups of 17-a-methyltestosterone are dynamically

inequivalent.
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The calculations have been performed at the PCSC in Poznan.
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VIBRATIONAL DENSITY OF STATES OF PHOTOSYNTHETIC PIGMENT-PROTEIN
COMPLEXES
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The light-harvesting complex of photosystem II (LHC II) is the major antenna complex of green
plants (see e.g. [1] and references therein). In plant photosynthesis, antenna complexes like LHC II
have a dual function: 1) increase of the spectral and spatial absorption cross section of the
photosynthetic apparatus and 2) ultrafast excitation energy transfer (EET) to the photochemically
active photosynthetic reaction centers. Time-resolved spectroscopic studies reveal that
Chlb — Chla EET in LHCII is ultrafast with kinetic components in the femtosecond - and
picosecond range [2]. A detailed understanding of this rapid dynamics of EET requires —besides
other aspects- quantitative information on the vibrational density of states, because the protein low-
frequency vibrational modes mediate EET between energetically inequivalent electronic states via
electron-phonon coupling [3].

So far, electron-phonon coupling has been preferentially studied by line-narrowing optical
spectroscopy [4]. However, for technical reasons this approach is limited to temperatures as low as
5 — 30 K. Recently, we have used inelastic neutron scattering (INS) to directly characterize the
vibrational dynamics of solubilized LHC II in the temperature range between 5 and 100 K [5]. The
INS spectra are consistent with harmonic vibrational dynamics with a Boson peak observed at about
2.5 meV and thermal population of vibrational levels according to Bose-Einstein statistics (see
Fig. 1). This effect is obviously more pronounced at higher energy transfers.
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Figure 1: Figure 2:
INS spectra of solubilized LHC Il (noisy Average atomic mean square displacement of
lines) obtained with an incident neutron hydrated (full  diamonds) and dry PSII
wavelength of 51A at different membrane fragments (open diamonds) as a
temperatures. function of temperature. The inset shows a

schematic representation of the sample system
with  Photosystem Il  embedded into the
thylakoid membrane. LHC 11 is labelled by “d™.

The aim of the present experiment was to extend our inelastic measurements on photosynthetic
pigment-protein complexes to higher and, especially, to physiologically relevant temperatures. As
sample system we have chosen photosystem II (PS II) membrane fragments (see inset of Fig. 2),
because of a) availability in higher quantities than isolated LHC II and b) the possibility of defined



hydration. Previous QENS studies of hydrated and dry PS II membrane fragments [6] revealed that
the protein dynamics is characterized by harmonic vibrational motions below ~120 K (Range A in
Fig. 2) and exhibits the onset of anharmonic motions at two distinct T-values of 120 and 240 K,
respectively (Ranges B and C in Fig. 2). The dynamical transition at 240 K is widely suppressed in
dry samples, which is in line with a plasticizing effect of water on proteins.
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INS spectra of PS Il membrane fragments INS spectra of PS Il membrane fragments
obtained using the spectrometer NERA at obtained using the spectrometer DIN-2PI at
different temperatures. different scattering angles.

INS experiments on PS II membrane fragments hydrated in D,O at 57 % r.h. were carried out as a
function of temperature on the spectrometer NERA (Fig. 3) and as a function of scattering angle at
room temperature at the spectrometer DIN-2PI (Fig. 4). At low-temperatures (20 K), the INS
spectrum of PS II membrane fragments is qualitatively consistent with the results described above
for LHC II. A Boson peak is observed at ~7.5 meV, which is well separated from the elastic line. At
higher temperatures, however, the INS spectra are smeared out and exhibit a shift towards lower
frequencies (see Figs. 3 and 4). This effect differs from that shown in Fig. 1 for LHC II, which is
characteristic for harmonic vibrational motions below ~120 K (Range A in Fig. 2). Rather, the
observed temperature dependence is consistent with a stronger damping of vibrational motions
above a transition from the crystalline-like to the amorphous state of the protein (Ranges B and C in
Fig. 2). A more detailed quantitative analysis of the data in terms of a damped harmonic oscillator
model is currently in progress.

In terms of antenna functionality this means that the spectral overlap between different electronic
states is significantly increased with increasing temperature, not only due to a larger thermal
population of vibrational states, but also due to a broadening of the distribution of available
vibrational frequencies. In consequence, higher transition propabilities and faster EET kinetics are
observed at physiological temperatures. Thus, the data presented here from NERA and DIN-2PI
measurements nicely demonstrate that INS 1is capable of providing valuable quantitative
information on the vibrational dynamics of pigment-protein complexes not only at low, but also at
physiological temperatures.
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LATTICE VIBRATIONS IN AN a- AND - AGCUS SUPERIONIC
CONDUCTOR
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A ternary compound of silver copper sulphide, AgCuS, has long been known to occur in nature with the
mineral name stromeyerite [1]. At the beginning, the main interest in AgCuS was focused on its
mineralogical occurrence. However, recently the high ionic conductivity and gradual disorder in sequential
phase transitions of AgCuS has renewed the interest to this compound. Three structure modifications of
AgCuS with different degree of disorder in crystal lattice are known now. The low temperature fully ordered
v-phase exist at temperature up to 250 K, - AgCuS in the temperature range between 250 K and 366 K, and
superionic a- AgCuS exist at temperature above 366 K. As is known, the lattice dynamics and diffusion in
superionic conductors are closely related. In particular, it is assumed that diffusion in superionics can be
considered as a process related to the low-energy optic (LEO) mode observed in the vibrational spectra of
superionics [2]. However, the role and the origin of the LE-modes in superionic conductor is not clear [2].

In the present work we report the results of inelastic neutron scattering experiment on the powder a- and f3-
AgCuS superionic conductor performed on DIN-2PI spectrometer. The aim of the experiment consisted in
studying the transformation of the lattice dynamics during phase transition, especially at low-energies.
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Figure 1. G(¢) in a- and B- AgCuS with one-phonon and Figure 2. Dynamic structure factor of AgCuS averaged
mutiphonon contributions. Dashed region corresponds to —over all angles at 298, 348 and 398 K.
the energy range where G(¢) was interpolated accordingly
the Debye law.

The neutron weighted phonon DOS in - AgCusS consists of a broad distribution in the energy range between
0 and 25 meV with two main overlapped maxima at 6 and 10.5 meV and high-energy tail extended up to ~42
meV (figure 1). In booth phases, a- and -, G(&) demonstrates the linear dependence on ¢ at the energy £>2
meV, instead of the parabolic one, G(&) ~ &, typical of 3D solids. We can assume that linear dependence of
G(&) ~ ¢ at low energy is connected with the presence of the lowest-energy mode observed in dynamic
structure factor S(Q,¢) at 2.6 meV. In B-phase, S(Q,&) changes with temperature according to Bose-



population factor; the resulting G(¢) at 298 and 348 K fall together within statistical errors. Such type of G(&)
and S(Q,&) temperature dependence of - AgCuS suggests a harmonic behavior in this temperature range.
On the other hand, At 398 K, S(Q,¢) and G(¢) spectra changes considerably. The low-energy part of S(Q, &)
merges with the elastic peak to become an unified broad energy distribution centered at ~ 0 meV with long
tails extended to 15-20 meV. Most probably, the changes in S(Q,¢) at the  — o phase transition are caused
by softening of the low energy modes accompanied by increase of the peak width. Phonon DOS at the f —
phase transition also changes considerably, there is increase intensity in low-energy modes bellow 4 meV,
and the shape of G(¢) is smeared out at the energy above 4 meV.

Some important lattice dynamics parameters were obtained from the phonon density of states (figure 3,4).
The mean square displacements <u™> in B-phase demonstrates harmonic behavior, whereas a-B phase
transition make the quasiharmonic approach to be inapplicable. In itself the harmonic behavior of B-AgCuS
is surprising, because generally, the lattice dynamics of superionic conductor is characterized by high
anharmonicity. We can suggest that anharmonic effects in lattice dynamics of AgCuS are connected with
motion of Ag masked by its small weighting factor. A lattice specific heat C,(T) calculated on the basis of
G(¢) and experimental C,(T) shows low-temperature anomaly. This indicates the presence of low-energy
mode in y- as well in B- AgCusS. Calculated <u>> and C(T) are in good agreement with experimental values
obtained by powder diffraction and differential calorimetric methods correspondingly. Excess of <u®>
obtained from diffraction experiment in comparison with <u”> derived from G(¢) indicates that disorder in p-
AgCuS has rather dynamic character than static one.
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Figure 3. The neutron-weighted mean square
displacement <u®> (AgCuS) derived from INS
and XRD (U;,) experiments.

Figure 4. Total specific heat C/T of AgCuS (filled
circles) and neutron weighted C.;,/T of f— (empty
triangles) derived in quasiharmonic approximation.
Linear interpolation is shown by lines.

Thermodynamic parameters Cy, <> and <&*> derived from G(&) at 298, 348 and 398 K coincide within
precision, whereas Debye temperature demonstrates considerable softening under B — o phase transition.
Since Cy, <&> and <&*> are calculated by integration of G(¢) over all the energy range of lattice vibrations
and the Debye temperature was derived in the low-energy limit from G(¢), we believe the most considerable
changes in lattice dynamics take place at the B — a phase transition at the low-energy part of the spectra.
However, for detailed studies of the low-energy dynamics in AgCuS, coherent INS experiment on single
crystal as well numerical calculations are very required.
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INFLUENCE OF INTERCALATION ON PHONON SPECTRA OF
TITANIUM DICHALCOGENIDES
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The systematic study of inelastic neutron spectra (DIN-2PI spectrometer) for
intercalation compounds based on titanium diselenide with a common formula MyTiSe;, M
=Cr, Fe, Ni, Ag was performed. It is shown that intercaltion influence on phonon spectra of
the material is determined mainly by host lattice modification due to formation of covalent Ti-
M-Ti centers. It is established that in case when the impurity electron band is located in
vicinity of Fermi level the significant lattice softness is possible.

Intercalation by metal M of titanium dichalcogenides leads to formation of covalent centers,
which may be schematically written as Ti-M-Ti. Such centers act both as traps for free charge
carriers and centers of lattice deformation. This fact gives a possibility to treat the electrons
localized at Ti-M-Ti-centers as impurity polarons. An absence of dispersion for the impurity bands
in spite their closeness to Fermi level (0.1-0.3 eV) [1,2] gives a support for such consideration. The
temperature dependence of degree of localization for charge carriers trapped by Ti-M-Ti centers, in
principal, coincides with theoretical prediction for polarons, demonstrating metallic-type
conductivity for both high temperature range (above the limit of thermal stability for polarons) and
low temperature range (so called heavy polaron regime) together with presence of intermediate
temperature range with small conductivity of activation type (the regime of localized polarons). It
was suggested that the change of regime occurs smoothly, while recently it was experimentally
found that this change is accompanied by a first order phase transition [3]. This effect was explained
as a sequence of relation between a degree of polaron localization and lattice elasticity, which is
connected with an influence of density of states at Fermi level on dielectric constant of the material.
Increase of density of states during enhancement of polaron localization may lead to enhancement
of screening for interatomic repulsion by conducting electrons, and, as a result, to lattice softness.
Moreover, as degree of polaron localization growths with lattice deformation, enhancement of
localization makes its following increase easer.

The problem consists of an absence of experimental proof for infleunce of polaron
localization degree on lattice elasticity. The inelastic neutron scattering is most direct method to find
such an influence, because it gives direct density of phonon states G(®). A comparison of G(w) for
an initial material TiSe, and intercalation compounds with different metals, forming the centers of
localization with different bond energy, will give a possibility to establish a character of influence
of polaron state for charge carrier on phonon spectra and, as a result, on elstic properties.

As objects of research the materials with general formula My sTiSe;, M = Cr, Fe, Ni, Ag
have been chosen. Such interclant contents determines the limit at which the introduced atoms can
be considered as independent: the increase of the intercalant content over x=0,25 results in its
ordering [4] and essential modification of phonon spectrum of a material that complicates its
comparison with data for initial TiSe,.

Investigation of inelastic neutron scattering was performed with DIN-2PI spectrometer. The
measurements were carried out with neutron energy 11.8 meV at room temperature. The energy
resolution for an elastic line was equal to 0.8 meV. Scattering rate was registered by 15 3He-



detectors in 28°-134° an interval of angles. The measurements of a background and vanadium
spectra for calibration of detectors were carried out in the same conditions. At spectra processing
the contribution for multi-phonon scattering and absorption of neutrons was taken into account.
Resulting spectra are shown in Fig. 1. It is well visible, that the form of phonon spectrum as a
whole is kept, showing presence of three main well distinct peaks which position depends by
intercalant nature.
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The typical temperature dependences of a heat capacity calculated from G(w) data, are
shown in a Fig. 2. These materials are chosen because there are experimental data of direct
measurement of a heat capacity for these systems [5]. The experimental dependence of a heat
capacity was approximated within the framework of Debye model. As well as at direct
measurement, it is impossible to approach precisely the experimental data within the framework of
this model with constant characteristic temperature ®p at T>10 K. Apparently, ®p, obtained for
T<10 K should be considered as the parameter describing the general lattice elasticity.
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Fig. 2. The typical temperature dependences of a heat capacity obtained from density of phonon
states data; symbols correspond to the experiment (data from [5]), the curve — to approximation
using Debye model.

Apparently, a change of lattice elasticity during intercalation can be connected to the
following: 1) weighting of a lattice because of additional atoms introduction; 2) described above the
screening of inter-atomic repulsion by localized electrons; 3) general lattice deformation in form of
volume compression, caused by formation of covalent links between host lattice and guest atoms.
Qualitative representation about the nature of dominating effect can be visible after analysis of low-
frequency edge of G(w) in Fig.1 when the type of intercalant is varied. It is easy to see, that G(w)
data for TiSe,, FesTiSe, and CropsTiSe, practically coincide, despite of lattice weighting at



introduction of iron and chromium. On the other hand, the curve for Nig,sTiSe, lays essentially
below, despite of closeness of weights of transition metals and their identical content in the material.
It is obvious, that as the reason of difference in phonon spectra can be explained only by value of
lattice deformation during intercalation, which is maximal for Ni TiSe,.

As shown earlier [6], the size of lattice deformation in form of compression is determined by
binding energy for impurity band which, in turn, depends on potential of ionization for intercalated
impurity. Hence, the common change of lattice elasticity due to intercalation and the value of ®p as
its quantitative measure should be a function of potential of intercalant ionization. Dependence of
Op on potential of ionization of an impurity is resulted in a Fig. 3 together with so called polaron
shift — a change of electron energy at formation of impurity polarons, describing the work of lattice
deformation such as compression.

Fig. 3. The Debye temperature Jlebas
Op, calculated using phonon density of
states data and the value of polaron shift,
determined as an energy of lattice
deformation at formation of impurity
polarons [6], both as functions of
potential of ionization of intercalant
atom.

Polaron shift, eV

Tonization potential, eV

Good agreement of Debye temperature and the value of polaron shift as functions of
potential of ionization of impurity atom is visible. Hence, the basic contribution to change of lattice
elasticity at intercalation is brought with lattice deformation at formation of the centers of charge
carrier localization of polaron type. On the other hand, it is visible, that softest lattice occurs in case
of silver intercalation when the value of polaron shift is close to zero. The low-frequency edge of
G(w) dependence passes even more to the low energy edge, rather than for initial TiSe,, and the
value of ®p makes 196 K for Agp,sTiSe, in comparison with 221 K for TiSe,. Thus, intercalation of
silver results in significant lattice softness. The reason may be as the big weight of silver in
comparison with transition metals, and smallest binding energy of impurity band, providing its
coincidence to Fermi level [7]. The last means, that lattice doftness may be a result of screening of
interatomic repulsion by electrons belonging to impurity polaron band. That circumstance, that the
effect of lattice weighting was not significant in case of other metals, forces to connect observable
lattice softness with effect of screening.

Corresponded results clearly show that the effect of influence of increase in density of states
at Fermi level at localization of charge carriers in form of polaron is suppressed by accompanying
this process lattice deformation as compression. The effect of screening becomes distinct clear only
in a case when deformation is weak what corresponds to small value of binding energy of impurity

polaron band.
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STRUCTURE AND MAGNETIC CHANGES OF Co-BASED
NANOCOMPOSITE AFTER PERCOLATION THRESHOLD
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Currently nanocomposites with typical size of elements no more than several nanometers are
in focus. Composite granular systems exemplify such nanocomposites and can be interesting not
only for fundamental investigations, but for industrial applications.

We investigate the composite nanostructures (Co)x(SiO;);x, which are obtained by the
method of ion-beam sputtering in the atmosphere of argon. Co concentration (x) is equal to 0.41-
0.80. Samples consist of metal particles (2-7 nm), which are randomly distributed in a dielectric
matrix. The size of granules decreases monotonically with increase of concentration of dielectric
material [1]. The small-angle neutron scattering investigations of (Co)x(Si10,),.x samples are carried
out with the time-of-flight small-angle-scattering spectrometer YuMO [2] at the IBR-2 reactor in
Dubna. The Q-range is chosen from 0.006A™" to 0.3A™".

We find that magnetic properties of the samples are changed in the region of concentrations
x=0.44-0.49 (below and above the percolation threshold) due to transition from superparamagnetic
phase to ferromagnetic phase.

The small-angle neutron scattering is determined mainly by nuclear and magnetic density of
Co particles (Fig. 1.). At Co concentration from x=0.41 to x=0.46 scattering intensity is increased
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Fig. 1. Small-angle scattering curves of samples (C0)x(SiO2)1x with x=0.41-0.72 .

by two order of magnitude, that can be explained by the self-organization of the magnetic structure.
At Co concentration from x=0.46 to x=0.72 the scattering intensity as a function of momentum
transfer Q is described by I(Q) ~Q™“, were a = (2.3+4.4)%0.1, over the range Q = 0.006+0.05A™".



Above the percolation threshold the structural size of granules are less than their magnetic
size, it can be explained in the context of ferromagnetic exchange in composites. Thus, the
experimental data is likely to show that the formation of magnetic clusters in the nanocomposite
granular system at the percolation threshold are bringing to the changes in magnetic structure and
the behavior of the neutron scattering.

This research are supported by President grant MK-7074.2006.2.

References:
1. Yu.E. Kalinin, A.T. Ponomarenko, A.V. Sitnikov, O.V. Stognej, Physics and chemistry of
material handling 5 (2001) 14-20
2. A.L Kuklin, A.Kh. Islamov and V.I. Gordeliy, Neutron News 16 (2005) 16



STRUCTURE OF FERROFLUIDS WITH EXCESS OF SURFACTANT
BY SMALL-ANGLE NEUTRON SCATTERING
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Small-angle neutron scattering (SANS) experiments were performed in the frame of the
systematic and careful study of factors determining the stability of ferrofluids - fine liquid
dispersions of magnetic nanoparticles coated with surfactant molecules. One of the factors, which
determine the ferrofluid stability, is the excess of free surfactant molecules in the bulk liquid base
of the ferrofluid. If the surfactant content is not enough for covering the entire free surface of
magnetic nanoparticles, this results in worse stability of ferrofluids. The excess of free surfactant in
the carrier also makes the stability worse. The reason for this effect is not completely understood at
present. The problem is general for colloidal solutions [1, 2].

Classical ferrofluid magnetite/oleic acid/d-benzene was selected as the first system for
structural investigations of the stability under surfactant excess. It is well known, that this type of
ferrofluid is mostly stable when all surfactant is adsorbed on the surface of the magnetite (i.e. there
is no free surfactants in the bulk). Samples for experiments were prepared by adding a certain
quantity of oleic acid (up to 25% of volume fraction) to the initial high-stable ferrofluid with 1 %
content of magnetite. The surfactant excess of more than 25 vol. % leads to the precipitation of
magnetic particles from the liquid.

SANS experiments were carried out at the Frank Laboratory of Neutron Physics and
Budapesr Neutron Center. Scattering curves were obtained in a g-range of 0.1-4 nm™. The core-
shell model [5] was probed to describe the experimental data (Fig.1). The structural parameters of
the colloidal particle were obtained by writing [5] the scattering intensity in terms of the
polydiperse core-shell model:

Rmax
j Dn(R)* F(q,R)dR
Rein
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| Dn(R)*(4/32R° PP 3R+ 5) TR
ks p—pl
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Here, R is the radius of magnetic core; Dn(R) is the log-normal size distribution function for
magnetic particles; /0 is the forward scattering intensity; ¢ is the module of the scattering vector; ¢
is the thickness of surfactant shell; p, p/ and ps are the scattering length density of the core, shell
and carrier, correspondingly and bkg is the background. The contribution of the magnetic scattering
was neglected in the first approximation [5].

The preliminary treatment (example are given in Fig.2, 3) shows that the surfactant excess
affects slightly the stabilizing shell, but does not result in observable aggregation of the particle.
This means that the influence of the surfactant excess takes much time. It starts to be much faster
only when approaching 25% of the surfactant.

The next step in understanding of conditions of the ferrofluid stability regarding the
surfactant content is to realize how the surfactant behaves in pure carrier. SANS experiments were
made for the solutions oleic acid/d-benzene with the volume fraction of the surfactant within
interval of 5-35 %. The task was to reveal the visible volume of the surfactant molecules as a
function of concentration and to conclude about the character of interaction in the system in a well-
proven way [3, 4].
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The experimental SANS curve (Fig.4) in the Guinier approximation indicate the repulsion
between the acid molecules. However, value of the second virial coefficient obtained from the data
(Fig.5), B =-2.2, is lager than B = -8 for the case of hard spheres (purely repulsive system). This
fact points out that in the pair potential describing the interaction between surfactant molecules,
attractive component plays an important role. The volume of the molecule, V=657 A®, derived from
the SANS data differs essentially from its Van der Waals volume, V=226 A3, and, at the same
time, practically coincides with the partial volume of pure oleic acid in the liquid state, V,=523 A’
The molecular dynamic simulations are in progress to explain the given observation. The negative
slope (Fig.6) in the dependence of the radius of gyration on the concentration testifies also the
repulsion between the surfactant molecules in the solution according to equation [3, 4]:

(D*B*Dint2
1+d*B

Here, Rg is the radius of gyration at concentration @; Rg, is its value extrapolated to zero
concentration; B is value of the second virial coefficient and D;,, is a measure of the mean square
distance at which the positions of two particles in the solutions are correlated.

Rg2 ~ Rgo2 +
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Fig.4. Experimental SANS curve for Oleic Acid in D-
benzene solution with various volume fraction of OA.
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Fig.5. Forward scattering intensity (points)
referred to one concentration vs. volume
fraction of oleic acid (%). Fit to experimental
data (solid line).

Fig.6. Obtained radius of gyration vs.
volume concentration of Oleic Acid in
D-benzene solution. The negative slope
is testifying for repulsion of OA
molecule in the solution.
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Investigations of the non-locality effects in type | superconductor by means of the Polarized
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The first phenomenological theory describing electrodynamics of superconductors has been offered
by F. and H. Londons in 1935 [1].The given theory is local and therefore applicable, if the sizes of
superconducting carriers & << AL - penetration depth of magnetic field in a superconductor. In 1953
Pippard suggested the theory for case & >> AL (pippard superconductors), considering effects of
non-locality [2]. According to this theory, the penetration depth of a magnetic field inside the
pippard superconductor several times greater than inside a londons superconductor (fig. 1).

-----local
non-local

HIH(0)

Fig. 1 The penetration depth of a magnetic field inside a superconductor with & >> AL in Londons'
(blue) and Pippard's (red) theories.

The purpose of the given work was the definition of penetration depth of a magnetic field inside a
type I superconductor by means of Polarized Neutron Reflectometry (PNR) to check the presence of
non-locality effects. Similar measurements have been already done for Nb [3] and Pb [4, 5]. For
studying of the non-locality effects the indium is the best candidate as it has the least parameter
&/AL = 0.06 [6]. Difficulty of PNR use for In is that it is a strong absorber of neutrons. Absorption
cross-section for In has size 193.8 barn, that, for example, in one thousand times more than for Pb.
Structure In(2um)/SiO2 has been prepared by vacuum sputtering at the university of Leuven
(Belgium). Magnetometrical data and electric resistance measurements have shown that the given
structure is a pure superconductor of the type I with critical temperature and a magnetic field of
superconducting transition Tc = 3.4 K and Hc (0) = 280 Oe accordingly.



The PNR measurements have been done on spectrometers of polarized neutrons REMUR (JINR,
Russia) and CRISP (ISIS, The Great Britain). Low temperature measurements in Dubna were done
with the Orange cryostat at the temperature T=0.5 Tc and external magnetic fields

H = 0.68 Hc, 0.87 He, 0.97 Hc and 1.03 Hc. Here Hec = Hc(0.5 Tc)=200 Oe. Measurements were
carried at the angle of reflection 6 =2.4 mrad with angular divergence d6/0 = 5 %. The R+ (Q) and
R-(Q) reflectivities as a function of momentum transfer measured at T=0.5 Tc and H = 0.97 Hc are
presented on fig. 2 a. On fig. 2 b spin asymmetry SA(Q) = [R+(Q) - R-(Q)]/ [R+(Q) + R-(Q)] for
the given parameters is presented.
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Fig. 2. R+(Q) and R-(Q) reflectivities (a) and spin asymmetry SA(Q) measured at T=0.5Tc and
H=0.97Hc. Inset to b) is the behavior of minimum close Q=0.009A versus H/Hc.

Spin asymmetry for H < Hc is characterized by the strong minimum at Q = 0.009 A-1 with width
AQ =0.002 A -1. The size of spin asymmetry in the given minimum almost linearly depends on the
diamagnetic moment in superconducting In and for the measured range made 10-15 %. Statistical
uncertainty of the experiment in the given Q range made 1-2 %. The preliminary analysis shows,
that the penetration depth in the investigated structure makes 2-3AL that speaks well for non-local
theory of Pippard.

At H = 1.03 Hc depth of the minimum has decreased approximately in 20 times. Let's assume that
the value of minimum proportionally depends on product of the diamagnetic moment of the
superconducting layer on its thickness. Then the thickness of overcritical superconducting layer can
be estimated as 103 A. For exact extraction of parameters of the given layer it is necessary to
essentially increase time of measurement.

To sum up we can say that the high resolution and precise measurements of quite small diamagnetic
moment of superconducting indium film has been done at the spectrometer REMUR. Obtained data
pointed on presence of non-locality effects in superconducting indium.
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“Zero” experiment in the measurement of the P-odd asymmetry in the reaction °Li(n,a)’H.
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The P-odd asymmetry coefficient in the reaction °Li(n,o)*H has been measured to be equal
to apn = - (8.6 + 2.0)-108. This measurement has been carried out at the PNPI RAS and at the ILL
[1]. This result allows us to estimate the neutral current constant following the theoretical model [2]
with the value of h, = -11.4-10"". Our estimation f, = (0.4 + 0.4)-10" is smaller than the widely-used
value of f, = 2-107,

In order to prove reliability of the obtained result, one has to consider a possible admixture of
the P-odd effects in various accompanying reactions of neutrons with the elements of the ionization
chamber, with emitting of charged particles and y-quanta following decays of radioactive nucleus.

The most suspicious impurity is the admixture of “Li in the target material (LiF). Neutron
capture on 'Li gives unstable ®Li isotope with a half-life of Ty, = 0.89 s, which decays with the beta
rays emission. The amount of "Li in the target [3] is ~10%. The average energy of beta particles is
equal to E ~ 13 MeV. A particle with this energy passes through the sensitive volume of the
ionization chambers assembly [4], deposing small portion of energy; moreover it deposes energy
both in the chambers, in which the effect of tritons asymmetry is positive as well as in the chambers,
in which the effect of tritons asymmetry is negative. The upper constrain for this admixture of the P-
odd effect due to beta particles from ®Li is 3-10”° for an in-use chamber. This value is so small due to
the smallness of the cross-section of the reaction of neutrons with Li, as compared to the cross-
section of the reaction with °Li, as well as due to small absorption of the beta particles in the
chamber.

Fluoro-plastic is used in the ionization chambers assembly. The half-life for 2°F Ty, = 11.56
s, the energy of beta particles is E ~ 5.4 MeV. Reliable estimation of this P-odd effect admixture
contribution (with beta particles) to the studied effect is not an easy task, because the mass of fluoro-
plastic and the flux of scattered neutrons in the fluoro-plastic are not known.

Besides, some P-odd effects with gamma-quanta emission are possible in different
construction materials of the ionization chamber.

Because of these uncertainties in the reliable estimation of the mentioned effects, we had to
carry out experimental check of any possible contributions of some false asymmetry to the measured
effect.

In order to do that, we closed all 24 targets in the ionization chamber by aluminum foils with
the thickness of 20 um. Thus the total thickness of the foils in the pass of tritons and alpha particles
was equal to 34 um. This thickness ensures complete absorption of the alpha particles and tritons.
On the other hand, gamma-quanta and beta particles from construction materials and targets pass
through the foils with little absorption. This experiment was a "zero"-test, as it allowed us to detect
any P-odd effects emitted from all admixtures in the pass of neutrons. The result of this experiment
has to be compared to the result of the main experiment (without additional aluminum foils). In
order to do that, the result of this “zero”-test is normalized to the amplification factor of the detector



signal and to the constant component of the signal in the main experiment. Such estimation
corresponds to the admixture of any P-odd parasite effect to the main result.

The "zero" experiment for the P-odd asymmetry (measured in the chamber, in which the
targets were closed by foils absorbing the products of the reaction °Li(n,a))*H has been carried out at
the PF1B instrument at the ILL; the following result was obtained:

Qoest = -(0.0 £ 0.5) 10°®.

This value was normalized to the constant component of the signal in the main experiment
and corrected to the neutron polarization and the average cosine of the tritons emission from the
target (taking into account a difference in the amplification factors of the "zero" experiment and the
main one).

The result of the main experiment at the ILL:

apn = -(9.0 £2.1)-10°® [1].

Comparison of these two results shows that the effect of the P-odd asymmetry in the main

experiment is really due to the studied reaction
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Ramsey Resonance for a Pulsed Beam
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. Introduction

We discuss here the Ramsey resonance for a pulsed beam, for example a pulsed neutron
beam. From a pulsed neutron source, higher energy neutrons come to the oscillatory fields earlier than
lower energy neutrons. In the present method, oscillatory fields for NMR are synchronized with these
neutron motions. The oscillatory fields are applied to neutron spins in a time interval, which
corresponds to the TOF of some particular neutron energies, by use of the start timing of the neutron
pulse for triggering oscillatory field generation. The amplitudes of the oscillatory fields are
modulated as a function of the neutron TOF so that the condition of /2 spin rotation is satisfied for all
of the neutrons in this energy region. In addition, the phase of the second oscillatory field is
modulated. The result of the Ramsey resonance is observed as a neutron-beam intensity modulation
as a function of the neutron TOF. A square-wave phase modulation was tried before for the frequency
stabilization of an atomic clock. The present method is different from this. The phase is modulated as
a function of the neutron TOF by use of the start timing of the neutron pulse. The neutron velocity can
be measured by beam intensity modulation.

By using the present method, neutron spin can be precisely manipulated as a function of the
neutron TOF. In a measurement of the T-violating correlation, - (I'< X i), the neutron spin, s, should
be perpendicular to the nuclear spin, I , as well as to the neutron momentum, k.A large enhancement
in the T-violation effect is expected at a p-wave resonance. The neutron spin and the nuclear spin are
aligned with magnetic fields upon polarization. When we place a polarized nuclear target between the
two oscillatory fields, the neutron spin can be rotated by n/2 from the parallel to perpendicular
directions to the magnetic field in some particular neutron energy region so that a T-violating
correlation is formed in the p-wave resonance. The neutron spin rotates about the magnetic field as
well as the pseudomagnetic field, which arises from a spin-dependent neutron nucleus interaction.
The two neutron spin rotations can be controlled so as to keep the T-violating correlation during
transmission through the polarized nuclear target. The result of the spin manipulation can be observed
in neutron-beam intensity modulation, and then precision neutron spin control becomes possible.

The pseudomagnetic field was measured by means of the usual Ramsey resonance for a
monochromatic neutron beam from a nuclear reactor. In the present method, the field strength can be

measured via a neutron-beam intensity modulation as a function of the neutron TOF, which arises
1



from the neutron velocity dependent of the pseudomagnetic precession.

I1. Experimental principle

The experimental apparatus comprises a *He neutron spin polarizer, a first radio frequency
(RF) coil for n/2 rotation, a Larmor precession path, a second RF coil for n/2 rotation and a *He
neutron spin analyzer, which are placed in a static magnetic field of solenoids, as shown in Fig. 1. The
apparatus is placed in a neutron beam line at the KEK pulsed neutron source, KENS. Neutrons from
the pulsed neutron source are longitudinally polarized upon passing through the *He neutron spin
polarizer. After polarization, the neutrons enter the first RF coil. An oscillatory field is switched on
when neutrons of higher energy, E, arrive at the RF coil, and is then switched off when neutrons of
lower energy, E;, leave from the RF coil. When the frequency of the oscillatory field, o, is at the
Larmor frequency, wo = yHo, namely at the resonance, neutron spins rotate about a rotating field, Hy,
which is produced by the oscillatory field. Ho denotes the strength of the static magnetic field and y
the gyro magnetic ratio. The rotation axis of Hj is in the direction of Hy. The neutron spin rotation
angle in the RF coil becomes yHit,. The parameter t; is the neutron TOF in the RF coil, which is
represented in terms of the RF coil length, I, and the neutron velocity, v, as l»/v. The amplitude of
the rotating field, Hs, is modulated as a function of the neutron TOF so that all of the neutron spins in
the energy region from E, to Ey, rotate by =/2, and then become perpendicular to Ho. After the first RF
coil, the neutron spins rotate about Hy with a Larmor frequency of wo. After Lamor precession, the
neutrons enter the second RF coil, and then another oscillatory filed is switched on and off in the same
way as in the first RF coil. The neutron spins are always perpendicular to the first rotating field before
entering the second RF coil. When the phase of the second oscillatory field is the same as the first one,
the neutron spins continue to rotate about the second rotating field, Hy, by 7/2 in exactly the same way
as in the first RF coil, as if there is no space between the two RF coils. As a result, the neutron spins
rotate by 7. If the phase of the second oscillatory field is shifted by 6, this phase shift is transformed to
the projection angle of the neutron spin on the direction of Hy after the second RF coil and is then
detected by means of the *He neutron spin analyzer. If the oscillatory field frequency is deviated from
the resonance frequency, any phase difference, (o-mo)t, is transformed to the projection angle of the
neutron spin on the static magnetic field after the second RF coil. The variable t denotes the neutron
TOF between the two RF coils.

Neutron transmission can be analyzed by means of the density matrix formalism. The
neutron transmission becomes T, =T,T,(1+a(E)P,P,,), when the oscillatory fields are switched on.
Here, T, and T are the neutron transmissions of the polarized ®He neutron spin polarizer and analyzer,
which are represented as T, =exp(—n,c,d,) cosh(Pn,c,d,) and T, =exp(—n,c,d,)-cosh(P,n,c,d,) ,
respectively. Py and P, are *He polarizations, n; and n, the *He number densities, and d; and d. the
*He thicknesses. The parameter o, is the neutron total cross section of *He. In terms of o,, the

2



neutron cross section of polarized *He is represented as o, = o,(1mP,,.) for parallel and antiparallel
neutron spin states to *He polarization, respectively. Pn; and Py are the polarizing and analyzing
powers of the polarizer and analyzer, which are represented as P, =tanh(Pno,d,) and
P, = tanh(P,n,c,d, ), respectively. The effect of the neutron spin rotation during transmission
through the first /2 coil, the static field and the second =/2 coil is represented as o.(E), which is the
projection component of the neutron polarization on the static field. Here, E is the neutron energy.

When the oscillatory fields are switched off, a(E) becomes 1, then the neutron transmission becomes
Ton = T1T2 (1+ Pnl F)n2 ) .

I11. Experimental result

The ®He polarizations and thicknesses of the neutron spin polarizer and analyzer were
measured by means of neutron transmission. The results of the polarizations were P; = 31% and P, =
51%, respectively. The two *He polarizations were in the longitudinal direction. The *He gas
pressures were 2.32 atm and 2.13 atm at 195°C, respectively. The length of the ®He gas in the neutron
beam direction was 5 cm for both the polarizer and the analyzer. The neutron energies, En and E; ,
were set at 80 meV and 23.6 meV, respectively. We counted the neutrons that passed through the
apparatus shown in Fig. 1 as a function of the neutron TOF.

We changed the frequency of the oscillatory fields around the resonance frequency. When
we switched on the oscillatory field, the neutron counts were greatly changed at neutron energies
from 23.6 to 80 meV. No effect was observed at other neutron energies. For normalization of the
incident neutron spectrum, we calculated the neutron transmission ratio, which was defined as R =
Ton/Tott — 1. In the transmission ratio the transmission factors, T; and T,, were also removed, since it is
described as R = (1 + a(E)Pn1Pn2)/(1 + Pn1Pn2) — 1. The experimental result of the transmission ratio at
the resonance is shown in Fig. 2a. The solid curve is the theoretical curve that fit the experimental
result. At the resonance, the neutron spin rotates by = after the two separated oscillatory fields
including the static field. As a result, the neutron polarization becomes anti-parallel to the analyzer
*He polarization, and then the neutron transmission has the minimum value, which is represented as
Rres = (1 - PraPr2)/(1 + PniPp2) — 1.

We modulated the phase of the second oscillatory field proportionally to the neutron TOF, t,
between the two RF coils from 0 to 2 for the energy region from Ej, to E;. The transmission ratio with
the phase modulation becomes Rmog = [1 + cos(nt + 0)-PniPn2))/[1 + PnaPn2] — 1. Here, 6 = 2n(t(E)) —
t)/(t(Ei) — t(En)). The parameters t(E;) and t(En) are the neutron TOF at neutron energies of E; and Ey,
respectively. We set these energies at 23.6 meV, 80 meV.

We placed a small additional solenoid of Hs = 30 G, and then measured the transmission
ratio as a function of the neutron TOF. The result is shown in Fig. 2b. The effect of the additional field

is found in the sinusoidal beam intensity modulation, which arises from an additional phase, yHsts.
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The parameter ts is the neutron TOF in the additional coil, which is represented in terms of an
additional field length, x, as x/v. In the least square fitting of Fig. 2b, we assume that the magnetic
field strength of the small coil has a constant value of Hs in the length x.

y
L.
X
neutron spin small solenoid neutron spin
polarizer } 1* RF Coil 2" RF Coil analyzer
\
= e e R = >
. J . neutron
solenoid 1 solenoid 2 solenoid 3 beam

Fig.1. Installation is based on a pulsed Ramsey’s method. All scales are in mm.

Fig.2a. Quantity R at an oscillatory field Fig.2b. Neutron transmission with an additional
resonance frequency of 60.37 kHz. field. The oscillatory field frequency was set at
the resonance, and then a small solenoid of 33.4
G was placed between the two RF coils. This
value was obtained from the neutron TOF
dependence of the ratio R.

Thus, we developed the method of measurement of magnetic field, which can be applied
for determination of pseudomagnetism in polarized targets, namely ***La in LaAlO3, and magnetic
characteristics of ferro- and paramagnetic substances as well. The procedure will be exactly the same
as described above but the small solenoid will be replaced with La target. The measurements with
unpolarized and polarized La nuclei will allow us to determine pseudomagnetic field for particular
nuclear polarization.

1.Y. Masuda, et al, “A pulsed neutron Ramsey’s method”, Physica B 356 (2005), 182-186.
2.Y. Masuda, et al, “Ramsey resonance for a pulsed beam”, Phys. Lett. A 364 (2007), 87-92.



Temperature dependence of neutron scattering on He-4 gas
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Abstract

A suggestion [?] that temperature dependence of the total neutron-*He cross section
can be proportional to 7%/2 is checked. The experiment is described. The temperature
dependence was found to be T7"/2 in agreement with the standard scattering theory (SST).
The consequence of this result for the scattering theory is discussed.

1 Introduction

Experiments on storage of ultracold neutrons (UCN) reveal [1] anomalously high loss coefficient
at a single collision of neutrons with material walls of storage vessels. After many unsuccessful
attempts to explain this anomaly, a hypothesis was spoken out [2] that the cause of high losses
is related to wave packet form of the free neutron wave function. It was supposed (there are
also other arguments that lead to the same hypothesis [3]) that the wave packet can be of the
de Broglie singular form [4]:

exp(—s|r — vt|

Yap(r,t) = \/;exp(z’vr — wt) P (1)

where w = [v? — s?|/2, s determines the packet width, and v is wave packet velocity, which in
our units m = h = 1 coincides with the wave vector k.

The wave packet can be representable in Fourier expansion form. Because of its width s a
particle incident on a mirror surface at grazing angles € less than critical 6. can go through the
mirror with probability w o s\., where A, is critical wavelength of the mirror substance. A
problem, which arises here is: what is the parameter s? Is it a fundamental constant or some
function, which depends on neutron energy? At first sight it should be proportional to the
neutron speed v. However in such a case the transmission probability at subcritical incidence
angles should increase with the neutron energy. Experiments searching for such a transmission
[5] did not reveal a dependence on energy, and it was concluded that parameter s is some
fundamental constant.

However, if s does not depend on speed, then neutron transmission through gases would
decrease with the gas temperature proportionally to 7°/2. So, it was necessary to check this
temperature dependence. Experiments of such type were performed long ago [6]. However
that time it was measured not the temperature dependence but dependence of cross section on
energy of incident neutrons, and temperature dependence was deduced from it.

It was possible to make direct measurement of the temperature dependence of neutron
transmission through “He gas, and thanks to kind permission and help of P.Geltenbort and
T. Brenner these measurements were done. Below we describe the experiment, its results and
discuss the consequences of the obtained temperature dependence.

2 Description of the experiment and its results

The experiment, scheme of which is shown in fig. 1, was performed at the PF2/TEST beam
port. Ultra-cold neutrons (UCN) pass through an electropolished stainless steel tube of length
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Figure 1: Scheme of the experiment. S — source of the neutrons, D — detector, V — system
for vacuum, He — helium tank, H — heating wire.

d = 0.5 m, which has at both ends stainless steel or Al windows of 0.1 mm thickness. Therefore,
either only neutrons with energies above the limiting energy of stainless steel or only those with
energies above the limiting energy of Al are transmitted. When the tube was evacuated and kept
at room temperature the average neutron count rate was 6700 n/s for stainless steel windows
and 34000 n/s with Al windows. For the detector we used a strip *He counter. Without any
special shielding the background count rate (exit shutter of PF2/TES closed) was 2.3 n/s for
both window types.

When the stainless steel tube is filled with “He gas the neutron count rate of the detectors
decreases. For small He pressures the decrease of count rate is proportional to AJ = JNad,
where N is the density of the He gas, J is the count rate for the evacuated bottle, d is the
length of the tube and o is the total neutron scattering cross section in He. At pressures P up
to 1000 mbar the count rate decreased linearly: AJ oc P. When the tube was filled with 1000
mbar of He at room temperature, the count rate was only 20% less than for evacuated tube.

The main idea of the experiment was to check the dependence of AJ on P when P increased
not because of amount of He, but because of the gas temperature increase, which was achieved
with the heating wire H shown in fig. 1.

The results of measurements for Al windows (the results for stainless steel windows were
the same) are demonstrated in fig. 2. Curve 1 shows the dependence of AJ = JNod on P
at room temperature, when the He pressure is increased by pumping He into the tube. The
branch 2 of the curve 1 shows the same dependence, when the pressure is increased by heating
the stainless steel tube with fixed amount of He. In this case JNod increases not because of
increase of the density N of the He gas, but due to increase of the total cross section . The
graph shows that the increase of ¢ with P is about two times slower than the increase of N
with P. Such a behavior is predicted by the standard scattering theory where o o< T2 o P'/2.

We were not able to measure whether the power of T' is really 1/2, because we had no
monitor, and the decrease of count rate with increase of temperature by ~ 60° C, was only
several %, while reactor intensity! was fluctuating at the level 1.5%. Nevertheless, since the
fluctuations were sufficiently slow, we could find an interval of time where the measurements
were reproducible, and they show that the temperature dependence is below the linear one and
not above it. This dependence testifies in favor of 7"/2? and against 7°/2.

3 Conclusion

This experiment definitely shows that the packet width s is proportional to the relative speed
v of the neutron with respect to scattering nucleus, and we now must resolve the contradiction,
which arises between this work and the results of the experiment [5] on subcritical transmission.

Tt was reported by reactor staff.
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Figure 2: Dependence of JNod on the pressure P of *He-gas in stainless steel tube with Al
windows: 1 - at room temperature (28°C); 2- for a constant number N of atoms, but different
temperatures. The numbers indicate the gas temperature in °C. All the other points correspond
to room temperature.

We think that the experiment [5] should be repeated with more careful search of the transmitted
neutrons, when grazing angle of incident beam is below the critical one.
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Increased concern in air pollution by toxic heavy metals in industrialized countries has lead
to establishing the international programme «Atmospheric Heavy Metal Deposition in
Europe: — estimations based on moss analysis». Since 1995 JINR is contributing to this
programme reporting results to the European Atlas from moss surveys 1995/1996 and
2000/2001, and 2005/2006. In 2000 the JINR project on air pollution studies in some
industrial areas of Russia, Poland, Romania, Czech Republic, Bulgaria and Slovakia was
supported by grants of the Plenipotentiaries of these JINR member-states, and by two IAEA
grants (for Russia and Romania). Pilot studies were carried out in Central Russia, Western
Ukraine, northern Serbia, Bosnia, Macedonia, European part of Turkey (Thrace Region),
and Croatia. The experience in applying epithermal neutron activation analysis at IBR-2
reactor, FLNP JINR, to these studies is reviewed.

1. Introduction

Air pollution by toxic heavy metals is of great concern in industrialized countries. A
comprehensive survey of their emission into the atmosphere shows their potential risks on the
environment and human health. In many European countries, increased efforts to establish heavy
metal monitoring have lead to the international programme «Atmospheric Heavy Metal Deposition in
Europe: - Estimations Based on Moss Analysis» [1]. The heavy metals in mosses project is coordinated
by the Coordination Centre of the International Cooperative Programme on Effects of Air Pollution on
Natural Vegetation and Crops (ICP Vegetation) [2].

The data from the regular surveys for heavy metal concentrations in mosses are an invaluable
resource for international negotiations on heavy metal pollution. These data allow both spatial and
temporal trends in heavy metal concentration/deposition to be examined, and the areas where there is
high deposition of heavy metals from long-range transport to be identified. The Task Force on Heavy
Metals was established by the United Nations Economic Commission for Europe Convention on
Long-Range Transboundary Air Pollution (UNECE - CLRTAP) as a response to the concern over the
accumulation of heavy metals in ecosystems, and their impacts on the environment and human health.
In 1998, the first Protocol (Aarhus Protocol) for the control of emissions of heavy metals was adopted
and signed by 36 Parties to the Convention. One of the objectives of the ICP Vegetation is to provide
information for review of the Aarhus Protocol on heavy metals, planned for 2005.

The moss survey objectives are to characterize qualitatively and quantitatively the regional
atmospheric deposition pattern of heavy metals in Europe, to indicate the location of important heavy
metal pollution sources and to allow retrospective comparison with similar studies repeated every 5
years.

Content of heavy metals in moss is closely correlated to atmospheric deposition, and conversion
to absolute deposition rates by calibration against metal content in the bulk precipitation data is rather
straightforward [3].


mailto:Marina@nf.jinr.ru

Since 1995 Department of NAA FLNP JINR is involved in the European programme reporting
results to the European Atlas from the moss survey 1995/1996 [4] on the Eastern Carpatians of
Romania [5].

In 2000 the project «Atmospheric deposition of heavy metals in some industrial areas of Russia,
Poland, Romania, Czech Republic, Bulgaria and Slovakia studies by the moss biomonitoring
technique and employing nuclear and related analytical techniques and GIS technology» (REGATA)
was accepted by the JINR Theme Plan. It was also supported by several grants of Plenipotentiaries of
JINR and resulted in the following publications with specialists from Poland [6, 7], Bulgaria [8, 9],
Czech Republic, and Slovakia [10, 11], and Romania [12-14]. [AEA provided grants for
biomonitoring studies in the South Urals [15-17]. Pilot studies were initiated in Central Russia [18—
20], Western Ukraine [21], Northern Serbia and Bosnia [22, 23] and during the summer 2002 and
2005 in Macedonia [24, 25]. More than 2000 moss samples were analyzed in Dubna using epithermal
neutron activation analysis (ENAA) for the European Atlas 2000/2001 [26]. The results on moss
survey in 2002 in the Thrace region of Turkey [27] stimulated further activity in biomonitoring studies
in Turkey in moss survey 2005.

In addition to the above-mentioned countries, in the moss survey 2005/2006 Croatia [28] and
jointed our studies, providing collection of 100 moss samples from the entire territory of this country.
Belarus [29] contributed to this survey with a collection of samples from Minsk and Grodno regions.
The results on biomonitoring atmospheric deposition by means of NAA were reviewed [30] at the 20"
Task Force Meetings UNECE ICP Vegetation hold in Dubna in March 2007. This report contained
also the new data on the Republic of Udmurtia [31].

Similar local biomonitoring projects were undertaken in our Department together with scientists
from China [32, 33] and South Korea [34], and later on with Mongolia [35] and Vietnam [36].

2. Experimental

The moss survey used a combination of instrumental ENAA in Dubna and AAS (atomic
absorption spectrometry carried out at Geological Institute of RAS, Moscow, for Russia and in
relevant participating member-states) provide data for concentrations of about 40 chemical elements
(Al, As, Au, Ba, Br, Ca, Cd, Ce, Cl, Co, Cr, Cs, Cu, Dy, Eu, Fe, Hf, Hg, I, In, La, Lu, Mg, Mn, Na,
Nd, Ni, Pb, Rb, Sb, Sc, Se, Sm, Ta, Tb, Th, V, W, Yb, Zn) that substantially exceeded the requested
number of elements (marked as bold) normally presented in the European Atlas. The analytical
peculiarities are described elsewhere in the above-cited papers.

Not all the above trace elements are strictly relevant as air pollutants, but they come from the
multi-elemental analyses with insignificant extra cost, and most of them can be used as air-mass
tracers.

3. Data interpretation

By applying multivariate statistical analysis to the data sets, it is possible to uncover the
character and the origin of pollution sources within an area under investigation, as well as those
sources affecting this area through long-range atmospheric transport.

4. Mapping

Most advanced Russian developments of GIS (geographical information system) technologies
for the purposes of environmental monitoring are widely used for interpretation of the distribution of
heavy metals over examined territories. The program GRINVIEW from the geographical information
system software package GIS-INTEGRO with raster and vector graphics was used to generate raster-
based pollution contour maps for the elements of interest for the entire studied area. This system is
supplied with interfaces for all international standard GIS: ARC-Info, MAP-Info, etc. Our “home-
made” Atlases are produced in addition to mapping provided by the UNECE ICP. Examples of maps
constructed using GRINVIEW are given in Fig. 1.
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Fig. 1. Distribution maps of nickel and vanadium in Central Russia [16].

The Department of NAA FLNP educates and trains young specialists from many countries in nuclear
analytical technique to study environmental pollution as part of the framework for current
international projects.
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6. PRIZES

JINR Prizes:

Physics Instruments and Methods:

Second Prize:

A.Frischbutter, Ch.Janssen, Ch.Scheffzuek, K.Walther, K.Ullemeyer, D.Nikolaev, A.Nikitin,
T.Ivankina. “Neutron Diffraction Study of the Physical Properties of Rock Samples of the Upper
Part of Lithosphere”

Applied Physics Research:

Second Prize:

E.Lychagin, A.Muzychka, G.Nekhaev, A.Strelkov. “Observation and Investigation of Weak
Heating of Ultracold Neutrons™

FLNP Prizes:

In Nuclear Physics:

First Prize:

Yu.M.Gledenov, P.V.Sedyshev, et al. ““Measurement of p-odd asymmetry of triton emission
in the reaction °Li(ne)®H with cold polarized neutrons™

Second Prize:
A.l.Frank, G.V.Kulin, D.V.Kustov, et al. “Effect of accelerating matter in neutron optics™

Third Prize:
R.Gaehler, V.K.Ignatovich. “Neutron holography without reference beam”

In Condensed Matter Physics:

First Prize:

A.M.Balagurov, V.B.Zlokazov, Yu.V.Taran. “Study of spatial distribution of residual
stresses in a composite steel tube by neutron diffraction”

Second Prize:

A.M.Balagurov, R.N.Vasin, N.l.lvankina, A.N.Nikitin. “Properties of quartz and
quartziferous rocks at high pressures and temperatures by neutron diffraction and acoustic
emission”

Encouraging Prizes:

D.P.Kozlenko, C.E.Kichanov, B.N.Savenko. “High Pressure Effect on the Crystal and
Magnetic Structure of LuMnOgs: Correlation between the Distortion of the Triangular Lattice and
the Symmetry of the Magnetic State in Hexagonal Frustrated Manganites”

M.A Kiselev. “Structure of unilamellar Dimyristoylphosphatidilholine vesicles. Method of
separated form-factors™

In Applied and Methodical Physics:
First Prize:
V.K.Ignatovich, E.P.Shabalin. “Neutron albedo™



Second Prize:

L.Barandovski, M.Cekova, M.V.Frontasyeva, S.S.Pavlov, T.Stafilov, E.Steinnes, V.Urumov.
“Air pollution studies in Macedonia using the moss biomonitoring technique, NAA, AAS and GIS-
Technologies™.

Encouraging Prize:
G.Gandbol, et al. ““Assessment of hazardous impact of ore-mining and processing plant in
the town of Erdenet, Mongolia, on pastured animals™

I.M.Frank Stipend:

In Nuclear Physics:
O.A.Culicov

In Condensed Matter Physics:
D.P.Kozlenko

In Methodical Investigations:
R.N.Vasin

F.L.Shapiro Stipend:

E.V.Lychagin
Yu.N.Khaidukov



7. SEMINARS

Date Authors Title

26.01.06 | B.G.Yerozolimsky Proposed experiment to measure the electron-
(Harvard Univ., USA) antineutrino correlation in neutron decay

03.02.06 | N.N.Salashchenko Modern problems in multilayer X-ray optics
(Institute for Physics of
Microstructures RAS, Nizhny
Novgorod)

31.03.06 Seminar in commemoration of D.A.Korneev

05.10.06 | Laszlo Cser (RISP HAS, How and why to do neutron holography
KFKI, Hungary)

20.10.06 | Sow-Hsin Chen (MIT, USA) | Observation of fragile-to-strong dynamic crossover in
protein and DNA hydration water and its relation to
the glass transition of biopolymers

26.10.06 | N.K.Cherezov (Scientific Construction of highly efficient portable nuclear and

Manufacture Enterprise
V.G.Khlopin Radium
Institute (St.Petersburg)

radiation safety control equipment




8.1. STRUCTURE OF LABORATORY AND SCIENTIFIC DEPARTMENTS

Directorate:
Director:
A.V.Belushkin
Deputy Directors:
N.Popa
V.N.Shvetsov
Scientific Secretary:
V.A.Khitrov

Reactor and Technical Departments
Chief engineer: V.D.Ananiev
IBR-2 reactor
Chief engineer: A.V.Vinogradov
Department of IREN
Head: V.G.Pyataev
Mechanical maintenance division
Head: A.A.Belyakov
Electrical engineering department
Head: A.A.Yakovlev
Design bureau
Head: A.A.Kustov
Experimental workshops
Head: A.N.Kuznetsov

Scientific Departments and Sectors
Condensed matter department
Head: A.M.Balagurov
Nuclear physics department
Head: Yu.N.Kopatch
Department of IBR-2 spectrometers complex
Head: A.V.Belushkin

Administrative Services
Deputy Director: S.V.Kozenkov
Secretariat
Finances
Personnel

Scientific Secretary Group
Translation
Graphics
Photography
Artwork




NEUTRON SCATTERING STUDIES OF CONDENSED MATTER

Sub-Division | Title

| Head

Sector 1: Neutron Diffraction. Head: A.M.Balagurov

Group No.1 HRFD V.Yu.Pomjakushin
Group No.2 DN-2 A.l.Beskrovnyi
Group No.3 DN-12 B.N.Savenko
Group No.4 Geomaterials A.N.Nikitin

Group No.5 SCAT Ch.Scheffzuk

Sector 2: Neutron Optics. Head: V.L.Aksenov

Group No.1 Surfaces

Yu.V.Nikitenko

Group No.2 Nanostructures

M.V.Avdeev

Small angle scattering group. Head: V.l1.Gordeliy

Inelastic scattering group. Head: 1.Natkaniec

NUCLEAR PHYSICS DEPARTMENT

Sub-Division Title

Head

|
Sector I, Correlation y-spectroscopy and development of experimental

installations. Head: N.A.Gundorin
Sector 2. Polarized neutrons and nuclel. Head: V.R.Skoy
Group No.1 Polarized nuclear targets V.R.Skoy
Group No.2 Thermal polarized neutrons M.I.Tsulaya

Sector 3. Neutron activation analysis.

Head: M.V.Frontasyeva

Group No.1 Analytical M.V.Frontasyeva

Group No.2 Experimental S.S.Paviov
Group No.2 Neutron spectroscopy Yu.N.Kopatch
Group No.5 Proton and a-decay Yu.M.Gledenov
Group No.6 Properties of y-quanta A.M.Sukhovoy
Group No.7 Neutron structure V.G.Nikolenko
Group No.8 Ultra-cold neutrons E.V.Lychagin
Group No.9 Neutron optics A.l.Frank
Group No.11 Theory V.K.Ignatovich
Group No.12 Electrostatic generator-5 A.P.Kobzev

DEPARTMENT OF IBR-2 SPECTROMETERS COMPLEX

Sub-Division Title Head
Group No.1 Scintillation detectors E.S.Kuzmin
Group No.2 Gaseous detectors Ts.Panteleev

Sector No.1 Electronics V.1.Prikhodko
Group No.1 Analog electronics A.A.Bogdzel
Group No.2 Digital electronics V.F.Levchanovsky
Group No.3 Software A.S Kirilov
Group No.4 Local network G.A.Sukhomlinov

Sector No.2 Spectrometers A.P.Sirotin
Group No.1 Development of spectrometer elements A.P.Sirotin
Group No.2 Sample environment A.N.Chernikov




8.2. USER POLICY

In 2006 the experimental activity at the IBR-2 spectrometers strictly followed the users’
program adopted in 2004 (see Laboratory web site http:/nfdfn.jinr.ru/ibr-2/index.html) only in the
first half of the year. For the second half of 2006 some points of the program like proposals review
and the meeting of the expert commission were suspended because of the reactor shutdown for
refurbishment to be started in January, 2007. A number of 156 experiments were performed as
follows: 50 experiments (32%) by external users from 13 countries, 36 experiments (23%) with fast
access and 70 experiments (45%) by the Laboratory staff. A summary diagram is given below.

ﬁa

| Russia

g

8.3. MEETINGS AND CONFERENCES

In 2006, FLNP organized the following meetings:

1. [ XIV International Seminar on Interaction of Neutrons with | May 24-27 Dubna
Nuclei ISINN-14

2. |V Workshop on Investigations at the IBR-2 Pulsed June 15-17 Dubna
Reactor

3. | Crystallography at High Pressures September 28- Dubna

October 1

4. |1V Workshop on Investigations at the IBR-2 Pulsed June 15-17 Dubna
Reactor

5. | International Small-Angle Scattering Workshop October 5-8 Dubna

In 2007, FLNP will organize the following meetings:

1. [ XV International Seminar on Interaction of Neutrons with | May 16-19 Dubna
Nuclei (ISINN-15)




The objective of the FLNP educational program is the training of specialists in the field of
neutron methods for condensed matter and nuclear physics research. The students of the Neutron
Diffraction Department of MSU, of the Interfaculty Center «Structure of Matter and New
Materials» and of the Electronics and Automatics Department of MIREA (Moscow State Institute
of Radioengineering, Electronics and Automatics) perform their term and diploma works in FLNP.
At the University Centre of JINR the students from Tula State University, Belgorod State
University, Tver State University and other universities of Russia and JINR Member States write

8.4. EDUCATION

their term papers and do summer practical work in FLNP.

On June 2-10, 2006 the Seminar-School “Studying Nanosystems and Materials with Nuclear

Physics methods” was held.

On June 2-22, 2006 the practical work for the students of the University Centre of JINR was

organized.
8.5. PERSONNEL
Distribution of the Personnel per Department as of 01.01.2007
Theme Departments Main staff
-1036- Nuclear Physics Department 55
-1031- Condensed Matter Physics Department 45
-1052- IBR-2 Spectrometers Complex Department 43
-0993- IREN Department 8
-0851- IBR-2 Department 47
Mechanical and Technical Department 45
Electric and Technical Department 28
Central Experimental Workshops 38
Nuclear Safety Group 3.5
Cold Moderator Group 8
Design Bureau 7
FLNP infrastructure:
Directorate 9.5
Services and Management Department 22
Scientific Secretary Group 5
Supplies Group 3
Total 367




Personnel of the Directorate as of 01.01.2007

Country People
Armenia 1
Bulgaria 1
Vietnam 1
Germany 1
Georgia 2
KPDR 5
Kazakstan 1
Mongolia 3
Poland 5
Romania 6
Russia 29
Ukraine 6
TOTAL 61

8.6. FINANCE

Financing of the FLNP Scientific Research Plan in 2006 (th. USD)

No. Theme Financing plan, Expenditures In % of FLNP
$ th. for 9 months, $ th. budget

I Condensed matter physics 4567.7 3827.2 83.8
-1031- 2667.9 2046.7 76.7
-0851- 1168.4 1135.3 97.2
-1052- 731.4 645.2 88.2

Il | Neutron nuclear physics 1208.0 1281.6 106.1
-1036- 872.1 1009.2 115.7
-0993- 335.9 272.4 81.1

11 | Elementary particle physics 4.4 4.9 111.4
-1007-

IV |[TOTAL: 5780.1 5113.7 88.5




International Seminar on Interactions of Neutrons with Nuclei

P

Fig.1. S.G.Kadmensky (Voronezh University) presenting his report.

Fig.2. V.V.Bunakov (right) and V.V.Nesvizhevsky (left) discussing
the experiment on levels of neutrons in a gravitational field.



Fig.3. Calibration of the laboratory prototype of the LEND instrument for the NASA orbital
vehicle Lunar Reconnaissance Orbiter 2008.



Assembling of IREN equipment

Fig.4. Assembling of the focusing solenoid.

Fig.5. Assembling of the electron gun.



]

Fig. 6. V.G.Simkin during preparations for tests of 1D position-sensitive detector at HRFD.



18 December 2006:
The IBR-2 completed its operation for physics experiments

1984 — 2006:
200 runs with the total operation time for experiments — 49121 hrs, more than 100
scientific papers each year
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Fig.7. The IBR-2 reactor shutdown.

IBR-2 — IBR-2M: modernization of the reactor until 2010

Fig.8. Assembling of fuel elements into fuel assemblies for the IBR-2M reactor.
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