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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 introduce the report on the scientific activity of the Frank Laboratory of
Neutron Physics for 2004. The first part is a brief review of the experimental and theoretical results
of investigations achieved in the main scientific directions — condensed matter physics, neutron
nuclear physics and applied research. The second part includes reports on the operation of the IBR-
2 pulsed reactor and realization of the IREN project. The third part is development and creation of
elements of neutron spectrometers for condensed matter investigations. The fourth part presents the
investigations that characterize the main directions of research in greater detail. The report
completes with the list of publications for 2004.

In 2004 the construction of a new movable reflector MR-3 for the IBR-2 reactor was
completed. After the assembling and test-bench trials the MR-3 was moved into the reactor
building, the MR-3 assembling was carried out at the regular place near the reactor. After testing at
the regular place MR-3 was approved to be put into service by GOSATOMNADZOR. From
16.06.2004 to 20.07.2004 the Program to start and investigate the reactor with a new MR-3 was
performed. The obtained results are close to the calculated ones. On 20.07.2004 the reactor was put
into operation at power 1.5 MWt in the mode of 5 Hz. Thus, a very important stage of the IBR-2
modernization was completed. In September, 2004, the IBR-2 resumed operation for physical
experiment: as of 01.12.2004, it operated 4 cycles for physical experiments (<1400 hours), as
planned.

The construction of a new neutron source IREN continued: manufacturing of the main
equipment for the electron accelerator LUE-200 was practically completed. However, the lack of
financing led to a delay in the completion of mounting and startup of the first stage of the linac
(with one klystron for the energy 100 MeV). Technical preparation for dismantling of the IBR-30
reactor completed. The works are to be started in spring, 2005, after receiving the license for putting
into operation of the built storage of radioactive elements. Fuel for the IREN multiplying target has
been delivered, which makes it possible to start preparation for its manufacturing. But on the whole,
due to constant lack of financing of the project, the startup of the first stage IREN facility may be
expected no sooner than in 2008.

On the neutron spectrometers of the IBR-2 reactor several interesting experiments were
carried out. The obtained results are of principal character. In particular, on the REMUR polarized
neutron reflectometer, for the first time, the phenomenon of coexisting of superconductivity and
magnetism on the interface in thin layers of a superconductor (V/FeossVo34) and a ferromagnet
(Fe/V plus bilayers V/Fe) has been studied. The effect of superconductivity on magnetism has been
revealed, which is dependent strongly on the composition and structure of the magnetic layer. On

the YuMO small-angle neutron scattering setup a structure of polycarbosilane dendrimers has been



determined. Peculiarities of stacking of end groups of dendrimers, namely their layered character,
have been discovered, which may account for a restraint in the growth of dendrimers with
increasing generation degree.

In the course of the year a number of works was carried out and some interesting results in
the field of nuclear physics were obtained: analysis of the data obtained in the experiments
conducted in 2002 — 2003 to search for the negative neutron p-resonance in lead isotopes was
completed; at the EG-5 generator of FLNP JINR experiments to measure the energy dependence of
the angular distribution coefficients in the reaction '“N(n,p)"*C for the neutron energy interval
~ 10 keV - ~ 1 MeV started; the measurements under the program for collaboration nTOF —
investigations of the nature of vibrational resonances in neutron-induced fission and obtaining of
fission cross section data for the solution of ADS-system-related and nuclear waste burning
problems, were completed. On the beam PF1 of the reactor in ILL (Grenoble) an experiment to
investigate mass-energy correlations in the neutron-induced triple fission was conducted. In the
framework of the plan of the preparation of direct measurements of the nn-scattering length at the
pulsed reactor JAGUAR (Snezhinsk) the fluxes of fast, epithermal and thermal neutrons over the
total depth (~ 12 m) of the under-reactor well were measured. At the reactor in ILL (Grenoble) a
UCN storage experiment was conducted. As a result, the existence of an anomalous UCN leakage
channel from vessels with perfect walls made from monocrystalline sapphire was demonstrated
over a wide temperature range (70-800 K). The new experiment of UCN time focusing was
performed. The problem of completely model-absent determination of the density of levels in a
fixed interval of their spins and radiative strength functions of dipole electric and magnetic gamma-
transitions at excitation energies around the neutron binding energy was solved.

The investigation of the energy quantization effect at the UCN diffraction on the moving
grating continued. As was shown earlier, the grating, moving across the direction of the neutron
wave propagation, modulates the propagated wave in phase and (or) in amplitude and acts as a non-
stationary quantum device. This phenomenon was demonstrated in the experiment carried out at the
reactor in ILL (Grenoble). The obtained results are in good agreement with the quantum-mechanical
calculation. The phenomenon of neutron energy change at non-stationary influence on the neutron
wave opens new experimental possibilities, in particular, a possibility of neutron focusing in time
by means of controlled change of their velocity. In recent experiment the efficiency of such time
lens was demonstrated. A focusing efficiency is approximately 30% and in future may be
considerably increased.

The work to study atmospheric deposition of heavy metals by means of biomonitoring,
NAA and GIS technologies (REGATA Project) over the territory of Russia and some other

countries continued. Organizational and methodological work to get ready for the next European



simultaneous collection of moss-biomonitors of heavy metal atmospheric deposition (moss-survey)

is to be held in 2005 in a number of JINR member and non-member.

A comparative analysis of various biomonitors (lichens, tree bark) and of soils from the
region of the oil-refining plant in Constance, Romania, was carried out. Neutron activation analysis
of over 250 samples of vegetation and animal origin was conducted under the Coordination
Program (2002-2005) and the Project for Technical Cooperation with IAEA (2003-2005) for
supervision and quality of food products grown in the conditions of strong antropogenic pollution.
The final stage of work under the project «Monitoring of working places and occupational health of
personnel engaged in production of phosphate fertilizers» at plants in Russia and other countries
(European Program 5, Copernicus) was completed. Work to develop new pharmaceuticals and
sorbents on the basis of the blue-green alga Spirulina platensis in cooperation with a group of

biophysicists in the Institute of Physics of the Georgian Academy of Sciences continued.

The Frank Laboratory of Neutron Physics continues to be one of the leading neutron centers

of Europe and develops in spite of all the difficulties connected with severely limited funding.

A.V. Belushkin
Director
9 March 2005



NMPEANCITIOBMUE

Bamemy BHuMaHMIO mpeyiaraercs OTYET O HaydyHoM pedrenbHoctd JlabGopaTopuu
HeiitponHoii pusuku um. .M. @panka 3a 2004 roa. B nepBoii yactu mpeacTaBieH KpaTKuii 0030p
9KCIIEPUMEHTAJIBHBIX U TEOPETHUUECKUX PE3yJbTaTOB HUCCIEN0BAHUM, TOCTUTHYTHIX MO OCHOBHBIM
Hay4YHbIM HalpaBleHUSAM — (U3UKE KOHICHCUPOBAHHBIX Cpell, HEHTPOHHOW siepHO ¢u3uke u
MPUKIIAJHBIM HCCIeOBaHUAM. BTopas yacTh BKIOUaeT OTUETHI O paboTe UMITYJIbCHOTO PEeaKkTopa
WUBP-2 u peammzanmuu mnpoekta MPEH. Tperbst wacTe mocsimieHa pa3paboTKe W CO3AAHUIO
9JIEMEHTOB HEWUTPOHHBIX CIIEKTPOMETPOB JUIsl HCCIEJOBAaHMM KOHJAEHCHUPOBAaHHBIX cpen. B
4eTBEPTOM 4YaCTH INPEACTaBICHbl 3KCIIEPUMEHTAIbHBIE OTYEThI, KOTOpble Oojiee MOAPOOHO
OCBEIIAI0T OCHOBHBIE HANPABICHUS UCCIIEOBaHUI. 3aBepiaeT oTuéT cnucok myonukanuii 3a 2004
TOJI.

B 2004 r. Obuia 3aBepiieHa paboTa Mo CO3AAHUIO0 HOBOTO MOJBMXKHOTO oTpaxarens [10-3

st peaktopa MBP-2. Tlocne coopku 110-3 1 cTeHAOBBIX HCTIBITAHUNA OH ObUT TIEPEBE3CH B 3/IaHHE
peakropa, BbioaHeH MoHTax [10-3 Ha mratHOM MecTe okoio peakropa. Ilocine ucnbiTanuii Ha
pabouem mecte noiydeHno ynocroepenne ' OCATOMHAI3OPA mno npuemke I10-3. B nepuon ¢
16.06.2004 r. mo 20.07.2004 r. Opl1a BEIMOIHEHA MPOTpaMMa I0 MyCKY U UCCIIEAOBAHUAM peakTopa
¢ HoBbIM [10O-3. Tlomydennsie pe3ynbrarbl Onu3ku K pacdeTHbIM. 20.07.2004 r. peaktop ObuI
BBIBECH Ha  MOIIHOCTbH ,5 MBr B pexume S5 T Takum  oOpazom,
ObUT 3aBepILIEH OYeHb BaXKHbIN Tan MmoaepHuzauuu MBP-2. B centsiope 2004 r. UBP-2 Bo3o6HOBMI
paboty Ha pu3mdeckmii sxcniepuMeHT: Ha 01.12.2004 r. orpaboTtan Ha GU3NIECKHE IKCTICPUMEHTHI
4 mukia (oxoso 1400 yacoB B OJTHOM COOTBETCTBHH C TJIAHOM.
[Ipogomxanuck pabOTBl TO CO3AaHMIO HOBOTO HCTo4YHHMKA HeWtponoB WPEH: mpakTtuuecku
3aBEpILEHO M3TOTOBJIEHUE OCHOBHOTO 00OpYIOBaHUS ycKopHTes 31eKTpoHoB JIYD-200. OgHako
3aBepUICHHE MOHTa)ka U 3aIllyCK NEpBON ouepeln yCKOpUTENs (C OJHUM KIMCTPOHOM Ha 3HEPTHUIO
100 MaB) caepxuBaroTcs HeAOCTaTKOM (DMHAHCHPOBAaHUS. 3aBEPIICHA TEXHUYECKAs MMOJTOTOBKA K
nemoHTtaxy peakropa MBP-30. Pabora momxHa Hauatbes BecHoM 2005 roga mocrne MONydeHUs
paspelieHuss Ha BBOJ B JKCIUIyaTallMI0 MOCTPOEHHOTO XPAHMUJIMINA DPATUOAKTHUBHBIX OTXOJOB.
JlocTaBiieHO TOIIMBO i pasMHoxkaromed mumenn MPEH, 4To nmo3BossieTr HauaTh MOATOTOBKY K
ee M3roToBiaeHH0. OJHAKO B IEJIOM M3-3a XPOHHYECKOTO HEIO(PHHAHCUPOBAHMS MPOEKTA IyCK
nepBoit ouepean ycraHoBku MPEH moxert oxunarscs He pasnbiue 2008 roga.

Ha mHelitpoHHbIX cnekrpomerpax BP-2  BBINOJIHEHO  HECKOIBKO  MHTEPECHBIX
HKCIEPUMEHTOB. B yacTHOCTH, Ha pediexkToMeTpe ¢ MoJsIpu30BaHHBIMU HelTponamu PEMYP
BIIEPBBIE HCCJICIOBAHO SBJICHHE COCYLIECTBOBAHUS CBEPXIPOBOJUMOCTH W MAarHeTu3Ma Ha
rpaHUIax pasjena B TOHKUX cjlosAX cBepxmpoBojsmero coequHeHus (V/FepesVoss) u

tdeppomarneruka (Fe/V mmoc nBoiiHoit cnoii V/Fe). M3ydueHo BiusiHHE CBEPXMPOBOJMMOCTH Ha



MarHUTHBIE CBOIMCTBAa CHCTEMBI, KOTOPOE CHIIBHO 3aBHCHUT OT COCTaBa M CTPYKTYPHl MarHHUTHOTO
cnosa. Ha manoyrmoBom mudpakromerpe KOMO ompeznenena CTpykKTypa MOJUKapOOKCHUIBLHBIX
JIeHApUMEPOB. BriepBbie BBISIBICHBI OCOOCHHOCTH OPTaHU3aI[MH KOHIIEBBIX TPYI JCHIPUMEPOB, B
YaCTHOCTH WX CJIOUCTHIM Xapakrep. JlaHHas OCOOCHHOCTh MOXKET OOBSICHUTH HAOIOaeMbIe
OTpaHUYEHUS HA POCT JCHIPUMEPOB .

B teuenue roaa ObUT BBIOIHEH Pl padOT U MOIyYEHB HHTEPECHBIE PE3yIbTaThl B 001aCTH
SepHON (PU3MKU: 3aBEepIIeHbl U3MepeHHus mo mnporpamme komwabopamuu nTOF - usydenwe
MPUPOJBl BUOPAIIMOHHBIX PE30HAHCOB B JICJICHUHM, UHIAYLUPOBAHHOM HEUTPOHAMH, M IMOTyUYCHHE
CeUeHMI NeneHust [y penieHus npodiaem ADS-cuctem n cKuTaHus SAEPHBIX 0TX0J0B. Ha myuke
[Id1 peakropa MIIJI (I'penoGnb) ObUT MPOBENEH SKCHEPUMEHT IO HMCCIIEIOBAHUIO MacCOBO-
JHEPTreTHUYECKUX KOppeNsluuid B TPOMHOM HEUTPOHHO-MHIYIIMPOBAHHOM JeleHuU. B rmane
MOJrOTOBKM 3KCIIEPUMEHTa IO MNPSIMOMY H3MEPEHHIO JUIMHBI NN-paccesHus Ha HMMITYJIbCHOM
peaktope AI'YAP (CHexuHCK) OBLITM TIPOBENECHBI U3MEPEHUS MOTOKAa OBICTPBIX, SMUTEIJIOBBIX U
TEIJIOBBIX HEHUTPOHOB MO Bcel rmyOmHe (~ 12 M) mompeaktopHou maxtel. Ha peaxrope WMJIJI
(I'peno0b) ObUT BBHIMOJHEH AKCHEPUMEHT Mo xpaHeHHI0o YXH, B pesynbraTe KOTOPOro OBLIO
[I0Ka3aHO CYILECTBOBAHME KaHAJIa aHOMaJIbHOM yTeuku Y XH B MIMpOKOM MHTEpBalle TEMIIEPATyp
(70-800 K) 1 U3 cocy10B C COBEPIICHHBIMH CTEHKaMHM, BHIMOJIHEHHBIMU U3 MOHOKPHCTAJUIMUYECKOTO
candupa.

[Ipomomkensl  uccnenoBanust d(Ppdexkra KBAHTOBAHUS DHEPrud TpH  JUdpaKIUN
yIBTPaxoJIOAHBIX HEUTPOHOB Ha ABWXKYIIeics pemierke. Kak OblIo MOKa3aHO paHee, pelieTka,
JBIDKYIIASICSl TOTEPEK HANpAaBJICHUS PACHPOCTPAHEHUS HEHTPOHHOW BOJHBI, MOJIYJIUpPYET
MPOIICAIIYyI0 BOJMHY 1O (pase u (MiaM) aMIUIMTyZ€ W BBICTYNAeT B POJIM HECTAIIMOHAPHOTO
KBaHTOBOTO YCTPOMCTBA. D10 gBleHHE ObUIO MPOJEMOHCTPUPOBAHO B IKCIEPUMEHTE,
noctraBieHHoM Ha peakrope MJUJI (I'peno6ns). [TomydeHHble pe3ynbTaThl HAXOAATCA B XOPOIIEM
COIJIACMM C KBAaHTOBOMEXAHWYECKMM pAacyeToM. SIBJIeHHME W3MEHEHHsl SHEepruyd HEUTpOoHa NpHU
HECTAllMOHAPHOM BO3JCHCTBUM HAa HEUTPOHHYIO BOJIHY OTKPBIBAET HOBBIC JIKCIIEPUMEHTAIBHBIC
BO3MOXHOCTH, B YacCTHOCTH, BO3MOXKHOCTb (OKYCHPOBKM HEHTPOHOB BO BpEMEHHU IyTEM
yIOPaBIsIEMOT0 U3MEHEHUSI UX CKOPOCTH. B HegaBHUX 3KCIepUMEHTaX padoTOCIOCOOHOCTh TaKOM
BPEMEHHOW JIMH3BI OblTa MpoaeMoHCTpupoBaHa. D(H(HEeKTUBHOCTH (POKYCHPOBKHM JIOCTUTAET
npumMepHo 30% U B TanbHEHIIIEM MOXET OBITh CYIIECTBEHHO YBEIUYCHA.

[IponomxkeHo u3ydeHue aTMoc(epHBIX BBIMAJCHHUIN TSXKENBIX METAIOB C NMPUMEHEHHEM
TexHuku OmomoHutopupoBanus, HAA u I'MC rtexnonoruit (npoexkt PEI'ATA) nHa tepputopun
Poccun u psana npyrux crpad. [IpoBeneH CpaBHUTENBHBIA aHAIU3 Pa3IMYHBIX OHMOMOHHUTOPOB
(TMIIaifHUKOB, KOpPBI JIEpEeBbEB) M IOYBHI M3 paiioHa HedTenepepadaThIBAIOIIETO 3aBOJMA B

Pymbianm. [Ipoeenen HAA ©Oonee yem 250 00pa3iioB pacTUTEIBHOTO W >KUBOTHOTO



MIPOUCXOXACHUS B paMKax KOOpAMHALMOHHOW mporpammbl (2002-2005) u npoexrta TexHuueckoi
koorneparun ¢ MAT'ATO (2003-2005) 1m0 KOHTPOJIO M KA4eCTBY TMPOAYKTOB ITHTAHMS,
BBIPAILEHHBIX B YCJIOBUSX CHJIBHOTO AHTPOINOTE€HHOro 3arpsi3HeHus. IIpomoykeHbl COBMECTHBIE
pabotel ¢ rpymmoit OuodusukoB HMucturyta ¢usukn AH I'pysum mo pas3paboTke HOBBIX
MEUIIMHCKUX MTPENapaToB U COPOEHTOB HAa OCHOBE CUHE-3€JIEHOW Bofopociu Spirulina platensis.

B 3axiroueHre MOXKHO OTMETUTh, YTO HaOJI01aeTCs pOCT uHTEepeca ctpad-ydactHu, OUAN
K pabotaMm B 00]acTH HEUTPOHHBIX HcciaenoBaHMWA. BaxkHo, 4YTO B mocieaHue rojbl B
JlaGopaTopuio HPHUILIO JOBOJEHO MHOIO MOJOAEKH. Bce 3T (akThl AalOT YBEPEHHOCTb, UTO

HECMOTps Ha TpyaHocTH JlabopaTopus MpoA0HKACT YCIEUTHO U TMHAMUYHO Pa3BUBATHCS.

A.B. Beaywikun

upexmop
9Imapma 2005 200a



1. SCIENTIFIC RESEARCH
1.1. CONDENSED MATTER PHYSICS

Main scientific results

Diffraction. With the help of combined analysis of X-ray and neutron (obtained with
HRFD) diffraction data the crystal structure of the single-phase compound Li;BeD4 has been
determined. The compound crystallizes in monoclinic syngony (space group P2,/c) with lattice
parameters a = 7.06228(9) A, b =28.3378(1) A, ¢ =8.3465(1) A, P =93.577(1)°, Z = 8. Its structure
contains isolated tetrahedrons BeDs and Li atoms in between (Fig.1l) and remains practically
unchanged down to 8 K. Determination of the crystal structure of Li;BeDj is the first real result for
ternary Li-Be-H system. It has demonstrated the power of the state-of-the-art structural processing
programs for direct determination of structures from powder diffraction spectra and the advantages
of complimentary use of neutron and X-ray diffraction data to obtain structural information on the
systems consisting of the lightest atoms.

Fig.1. Crystal structure of Li;BeD,
determined using neutron diffraction
data.

On the DN-12 diffractometer the effects of high pressures (up to 5 GPa) and low
temperatures (in the range from 15 to 300 K) on atomic and magnetic structures of the manganites
Pr;xSrxMnO; (x = 0.5, 0.56) have been studied. At normal pressure the compounds Pr 44Srg 56MnO3
and Pry 5SrosMnO; have a tetragonal structure (space group [4/mcm). With decreasing temperature
in Pro44Sro56MnO; a phase transition to the antiferromagnetic (AFM) phase of the A-type (Fig.2)
accompanied by a structural phase transition from tetragonal to orthorhombic structure (space group
Fmmm) is observed. In Pr(sSro sMnO; with decreasing temperature transitions to the intermediate
tetragonal ferromagnetic (FM) and low-temperature orthorhombic AFM phase of the A-type are
noted. At high pressures, P = 2 Gpa, in Pr(44Sr)56MnO;3 a new tetragonal AFM phase of the C-type
appears and coexists with the original orthorhombic phase of the A-type in the region of low
temperatures. In PrysSrosMnQO; the effect of high pressures results in a significant increase in the
temperature of the phase transition from tetragonal FM phase to orthorhombic AFM phase of the A-
type. In the region of low temperatures the coexistence of the original orthorhombic AFM phase of
the A-type with the tetragonal phase, which does not show evidence of the long-range magnetic
order, is observed.

The scientific program at the EPSILON and SKAT diffractometers was focused on
investigations of internal stresses in polycrystalline materials (mainly rocks), texture analysis of



rocks and determination of anisotropic physical properties of rocks from crystallographic textures.
In particular, the studies of residual stresses in marble-based construction materials aimed at gaining
a better understanding of the processes causing deformations in various constructions have been

carried out.
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Fig.2. Sections of neutron diffraction
spectra of Pry 448r9.56MnQO; obtained at
high pressures P = 0, 1.9 and 4.8 GPa,
T = 16 K and treated by the Rietveld
method. With increasing pressure a
new AFM phase of the C-type was
observed.

For the first time the dynamics of the o-f-transition in a rock sample (quartzite) has been
studied by means of neutron diffraction and acoustic emission (AE). The values of internal stresses
were estimated basing on the detected changes in interplanar spacings of the crystalline lattice
during the a-f-transition (Fig.3). They were found to be several times higher than the mechanical
stresses applied to the sample (Table 1). Upon completion of the a-f-transition there appeared
flashes of AE with the intensity two orders of magnitude higher than the mean level of AE caused
by thermal cracking of the sample on heating. The occurrence of outbreaks of elastic AE vibrations
during a phase transition in quartz, a rockforming mineral of the Earth crust, points to a discrete
behavior of the observed instability. It is not improbable that such phenomena may contribute to the
development of an earthquake center as a consequence of changes in the strained state of the
medium or a trigger effect.
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Fig.3.  Temperature  dependence of
interplanar spacing (11-21) in quartz
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Table 1

Internal micro- (oz4771c£) and macro- (Gmacro) stresses in quartzite in the region of o — 3 transition.

(hkil) T, °C Ad/d, ¥107°  Young modulus OLATTICE, GMACRO;
E, GPa MPa MPa
- 540 1.24 76.3 94.6 -25
(1010) 84.0 104.2
600 0.03 116.4 3.5 -27
110.7 3.3
- 540 1.00 76.3 76.3 -25
(1121) 84.0 84.0
600 0.14 116.4 16.3 27
110.7 15.5
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QA" sodium and Na—Pb melts.

Inelastic scattering. On the DIN-2PI inelastic scattering spectrometer a comparison of the
experimental data for the system sodium-lead with the calculated spectra has been performed
(Fig.4) basing on the molecular dynamic simulations. It has been concluded that at low
concentrations of the admixture, Cp, ~10 a.w. % and lower, there are no NasPb-type clusters in
significant quantities, and dissolved lead is present in the atomic state in the melt. This conclusion
makes it possible to estimate the thermodynamical and physical-chemical parameters of the melt
more correctly.

On the NERA-PR spectrometer the experiments and modeling of the vibration state density
function in solid methanol with different types of deuteration (CH;OH, CH;0D, CD;OH, CDs;0D)
have been carried out (Fig.5). It has been demonstrated that solid methanol may be effectively used
as a standard to estimate the quality of computer simulations of molecular dynamics both in
crystalline and amorphous phases.

Polarized neutron reflectometry. On the REMUR polarized neutron reflectometer the
phenomenon of superconductivity and magnetism on the interface of a superconductor and a
ferromagnet has been studied. In particular, layer structures with coexisting periodic structures Fe/V
plus bilayers V/Fe and V/FeyscVo34 composed of superconducting layers of vanadium and
ferromagnetic layers of iron have been investigated (Fig.6). The effect of superconductivity on



magnetism has been demonstrated to depend strongly on the composition and structure of the
magnetic layer.
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Fig.5. Isotopic and structural effects on vibrational spectra of methanol.

10,2000
204 0,1401
Sanis
g
15 0,02366

- :
) e
E = e
o 10— - _ar
0,002800
S
5 6,748E-4

‘

3

AMA

25

Fig.6. The R™ * coefficient of diffuse reflection
from the  structure  Pd(2  nm)/V(36.5
nm)/17[Fe(IML)/V(IML)]/10[Fe(4.7 nm)/V(4.7
nm)/MgO depending on the scattering angle 6,
and the wavelength A in the vicinity of the first
Bragg maximum. The external magnetic field is
0.7 kOe. (a) Experimental reflection coefficients
for measurements at T=1.6K; (b) model
_ calculation for T=1.6K; (c) difference between
C e - the experimental reflection coefficients for
+ A ' T=1.6K and T=7K. Red color corresponds to
positive values and blue color to negative values.




Small-angle neutron scattering. On the YuMO small-angle neutron scattering setup a
number of polymeric systems, dendrimers, as well as mixed solutions of polymers and surfactants
have been studied. The studies of the structure of polycarbosilane dendrimers with different
molecular structures have revealed structural peculiarities of stacking of end groups of dendrimers,
namely their layered character. This may account for a restraint in the growth of dendrimers with
increasing generation degree.

Small-angle neutron scattering experiments with contrast variation on highly stable water-
based magnetic liquids have been conducted. The parameters of colloidal particles of liquids at
various concentrations of dispersed magnetic substance (magnetite) have been obtained (Fig.7). The
structure of the given liquids has been compared with less stable water samples that use other
surfactants for stabilization, as well as with highly stable magnetic liquids on the basis of nonpolar
carriers, such as benzol.
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Fig.7. Experimental data of small-angle scattering by the magnetic liquid Fe304/DBS+DBS/D20

at various volume fractions of magnetic materials, ¢,. The magnetite was produced by chemical
condensation. The stability of the system is realized by a double layer of dodecylbenzenesulfonic
acid. The lines correspond to the calculation curves according to the “core-shell” model for non-
interacting particles. The interaction effect does not manifest itself up to gp,=4 %. The deviation of
the upper experimental curve from the model one at small q values reflects “soft” interaction
between colloidal particles.

The coagulation of water dispersions of fullerenes on addition of various salts has been
investigated. Also, the time evolution of the absorption spectra of visible and ultraviolet radiation
has been analyzed. The concentration of fullerenes in solutions has been found to decrease
monotonically on addition of salt. This confirms a charge character of stabilization of colloidal
particles in the given systems. The measured coagulation thresholds differ significantly from the
data reported earlier. The experiments and preliminary treatment of the data on small-angle neutron
scattering from coagulating water solutions of fullerenes in a real time mode have been carried out.
The dynamics of growth of fullerene clusters and their concentration in solutions on coagulation
have been estimated.

Neutron diffraction studies of the structure of Stratum Corneum model membranes have
been carried out. The structure of the mixed four-component system ceramide 6/cholesterol/



palmitic acid/cholesterol sulfate with various weight ratios of components and a low level of
hydration has been investigated. The position of cholesterol in a lipid bilayer has been determined.
The distribution function of water in the bilayer has been measured. It has been established that
Stratum Corneum model membranes have low hydration of the intermembranous space as
compared to phospholipids.

Main methodological results. The modernization of the REMUR reflectometer at the IBR-
2 pulsed reactor has been carried out. As a result, the radiation background in the spectrometer has
been reduced and the intensity of the neutron beam upon leaving a multichannel polarizer has
increased. In the spectrometer the design of two mirror-polarizers is realized, which makes it
possible to considerably increase the neutron beam polarization. The new software for the
spectrometer based on the use of a VME-PSI adapter has been designed to enhance the performance
reliability.

The modernization of the REFLEX reflectometer has been performed. Test measurements
on the setup in September-October, 2004 demonstrated that as a result of a shift of the mechanical
chopper the working part of the thermal neutron spectra increased from AA=5A to 10A, which
considerably extended the range of the detected values of momentum transfer of the scattered
neutrons.

In accordance with the plan, on the DIN-2PI spectrometer the designing of a new case of the
TS-3000M thermostat has been completed. The design drawings for the modernized variant of a
shell for the thermostat case have been worked out. The unit of the radiation screens has been
reconstructed. The application of new materials, specifically tungsten-rhenium alloys, that are more
practically executable than alloys based on pure tungsten, has made the construction more
convenient for varying the number of screens and their materials and thickness depending on the
parameters of experiments.

On the REMUR reflectometer a new algorithm for the implementation of the different
theoretical approaches to calculate diffusion scattering in neutron reflectometry experiments has
been developed. The computer software packages for model calculations and fitting of experimental
data on neutron scattering from magnetic multilayered nanostructures have been designed. New
programs allow one to process the experimental data more correctly and to study proximity effects
in the scale interval of 1+10* nm.

In the biophysical research group the software to describe the inner membrane structure of
lipid vesicles using small-angle neutron scattering data has been designed. The computer programs
are based on the hydrophobic-hydrophilic model of bilayers with a linear function of water
distribution and on the model of separated form-factors. The work of the software has been
demonstrated on several lipid systems studied experimentally by means of small-angle neutron
scattering.




1.2. NEUTRON NUCLEAR PHYSICS
Introduction

In the course of the year 2004 the main work in the field of neutron nuclear physics was
carried out at EG-5 in FLNP JINR and on neutron beams in 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 and dynamics of the fission process, experimental and theoretical investigations 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. Spatial and time parity violation in the interaction of neutrons with nuclei

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

During the reported year the analysis of the data obtained in the experiments conducted in
2002-2003 to search for the negative neutron p-resonance in lead isotopes with the aim of
explaining of the earlier discovered spatial parity violation effect that demonstrated itself as rotation
of spin of polarized thermal neutrons on their transmission through the sample has been completed.
With the purpose of refining the obtained results that provide evidence of the existence of a strong p-
wave resonance in the isotope *’Pb but not in ***Pb as expected from the results of the previous
works by the ITEP group, the preparation of the gamma-spectrometer COCOS for reconstruction to
increase its efficiency and processing speed has been conducted.

1.1.2 Preparation for investigations of T-noninvariance effects in neutron nuclear
interactions

The development of the measuring procedures of T-noninvariance effects in neutron nuclear
interactions continued. The measurement of three-vector P-odd T-odd and five-vector P-even T-even
correlations of the I, Kk, s vectors is considered to be the most promising. For the study of the five-
vector correlation an aligned nonpolarized target with nuclei having p-resonances in the energy
region up to 100 eV is required. And the investigation of three-vector correlation requires a polarized
nuclear target with p-resonances where P-odd effect was observed. The experiments of this kind
should be performed at intense neutron sources. In this connection the work in this area has been
carried out in two directions:

I. For the purpose of studying the five-vector correlation the aligned nuclear target can be obtained
by the static method that uses the quadrupole interaction of nuclei with a crystal field at low
temperatures, or, probably, with the use of the recently suggested method of dynamic nuclear
alignment. For the static method the alignment of '*’I nuclei in a monocrystal of iodine at low
temperatures was estimated. It was found that the alignment suitable for measurements (~50%) can
be achieved by cooling the iodine monocrystal to ~20-50 mK. To verify the idea of the dynamic
alignment of nuclei, the following has been done:

e In cooperation with ITEP a monocrystal of lutetia niobite with a paramagnetic admixture was

prepared.
e The EPR-spectra of the crystal were measured.



e A trial run of dynamic alignment was performed, which showed the necessity of the creation
of a more sensitive, wide-range Q-meter that would not destroy the alignment.
e At present, the creation of this Q-meter is under way.

II. For the investigation of the three-vector correlation a polarized lanthanum target is
considered to be the most promising, since in a p-wave resonance of ' La at an energy of 0.75 ¢V a
considerable P-odd effect has been observed. An appropriate polarized target using a LaAlO3:Nd+
monocrystal is to be created in cooperation with KEK (Japan). At present, the group has a
monocrystal sample LaAlO; granted by the Japanese party for carrying out the experiments to obtain
the polarized target. Neutron diffraction studies of the crystal structure of this sample have been
c0r11§19ucted and showed its applicability for performing trial experiments of the dynamic polarization
of “"La nuclei.

1.1.3 Current status of the KaTRIn project

Within the framework of cooperation with KEK (Japan) the setup for the measurement of *He
polarization by the neutron transmission method has been modernized. The modification has been
made for the purpose of the measurement of the pseudomagnetism of the polarized nuclei '*Xe and
P1Xe. A schematic view of the modified setup is given in Fig.1.
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Fig. 1. A4 schematic view of the experimental setup.

In the Figure the neutron beam is directed from left to right. The left cell with polarized *He
serves as a neutron polarizer. Upon leaving the cell, neutrons are polarized along the beam direction.
A radio-frequency coil RF1 rotates the polarization of neutrons about the vertical axis so that at the
point of entry into the cell with polarized Xe (natural mixture of isotopes) it is perpendicular to the
plane of the Figure. A radio-frequency coil RF2 rotates the neutron polarization back towards the
beam direction and the right cell with polarized *He serves as a polarization analyzer.

The pseudomagnetic interaction of polarized neutrons with polarized Xe nuclei must result in
the rotation of the plane of polarization of the beam. In this case the experimental effect should
demonstrate itself as a difference in the counts of the detector for the measurements with polarized
and unpolarized Xe. In practice, the difference in the transmission of the polarized neutron beam in
the region from 0.02 to 0.1 eV is to be measured.

*He and odd Xe isotopes are polarized by the optical pumping method (optical parts of the
setup are not shown in the Figure).

At present, the setup is being tested on a neutron beam.

1.1.4 Creation of a polarized proton target
Continuous and discrete silver heat exchangers of a *He in ‘He dilution cryostat with a

superconducting solenoid have been manufactured and tested. The cryostat is intended for nuclear
polarization by the "brute force" method and dynamic pumping of polarization. The *He in *He



dilution system has been assembled. The cryostat has been tested and its parameters have been
determined. The outcomes of the trial:

e minimal temperature on a sample T =24 uK

e circulation rate n=0.98 pumol/s

e magnetic field intensity in the center of solenoid H= 5.8 T at the homogeneity of a magnetic

field AH/H= 10"

For the polarized proton target the titanium hydride TiH; plates 14 mm in diameter and 0.2 mm thick
have been manufactured by pressing the titanium hydride powder under a pressure of 2-10° g/cm®.
On beam Nel of the IBR-2 reactor at the polarized neutron spectrometer the works to install the
polarized nuclear target are being completed.

1.2 Neutron-induced and spontaneous fission

1.2.1 Experimental investigation of ternary fission of ?*U on the cold neutron beam of the
reactor in ILL (Grenoble)

In 2004 on the beam PF1 of the reactor in ILL (Grenoble) an experiment to investigate the
neutron-induced ternary fission of U was conducted. The experiment was performed in
collaboration with the scientists from the Flerov Laboratory of Nuclear Reactions, PNPI (Gatchina),
Germany and France. This experiment was a continuation of a series of works carried out on
spontaneous >>>Cf sources to investigate the ternary fission process. The purpose of this experiment
was to study mass-energy correlations of fission fragments and light charged particles for the lighter
fissionable system, which is *°U".

The fission fragments were measured by a fast double ionization chamber with a sectorized
cathode allowing the determination of energy, mass and the escape direction of fission fragments,
and the light charged particles were detected with high resolution AE-E telescopes, which make it
possible to identify the particles by their charge and mass ranging from the isotopes of hydrogen to
beryllium as well as to measure their energy and angular distributions. In the course of 20 days of
beam time about 4x10” events with emission of a-particles, 3x10° events with emission of 6He,
1x10* events with emission of Li isotopes and 6x10° events with Be isotopes were accumulated.
There were obtained preliminary results on the yield, energy and angular distributions of light
charged particles, as well as the mass and energy distribution of fission fragments for various modes
of ternary fission. This experiment also makes it possible to investigate some properties of
quaternary fission with simultaneous emission of two a-particles or an a-particle and tritium. The
example of energy distributions of fission fragments for two modes of quaternary fission is given in

Fig.2.
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Fig. 2. Energy distributions of fission fragments (raw data) for quaternary fission
of P U(ny.f) with emission of two a-particles (left) and an a-particle and tritium
(right) — histogram 1. Histogram 2 corresponds to the ternary fission with
emission of an a-particle, histogram 3 to binary fission.



1.2.2 Investigation of neutron-neutron correlations in spontaneous fission of >>Cf

In the framework of preparation to the experiment to study neutron emission in ternary
fission of 2*>Cf as well as to search for scission neutrons and to study neutron-neutron correlations, a
test experiment using the multisectional neutron detector DEMON was carried out in Strasbourg
(France). In the experiment a spectrometric **Cf source on a thin nickel substrate was used. It was
placed in a double ionization chamber that makes it possible to determine energy, mass and escape
direction of fission fragments. Fission neutrons were detected by the DEMON neutron detectors
arranged at different angles to the axis of the fission chamber (see Fig.3).
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Fig. 3. The layout of the experiment to investigate neutron escape in >>>Cf fission.

The detectors made it possible to differentiate neutrons from gamma-quanta by the pulse
shape, as well as to determine neutron energy by the time of flight and exit angle. In the process of
preliminary data treatment the known results on angular and energy distributions of neutrons for
“2Cf were reproduced and thus the experimental technique was tested and improved. About 10°
neutron-neutron correlations were accumulated. The investigation of these correlations together with
mass-energy and angular distributions of fission fragments might help to find the correlation
unobserved earlier of neutron emission and spin direction of fission fragments, which in its turn can
throw light on the nature of formation of spins of fission fragments. It seems unlikely that we shall
manage to obtain this information from the test experiment, because the fission source substrate was
damaged in transit. Similar investigations are planned to be carried out in the future experiment
scheduled for the end of 2005.

1.2.3 Measurement of delayed fission neutron yield

To continue works aimed at obtaining data on the yields and decay constants of groups of
delayed neutrons in the fission of minor actinides, the positioning of a mirror neutronguide on beam
11B of the IBR-2 reactor has been carried out. The experimental technique to study characteristics of
delayed fission neutrons of the ***Cm compound nucleus has been developed, which makes it
possible to conduct investigations at the expected level of spontaneous fission neutron background.
An ionization fission chamber with ***Cm isotopes has been assembled. The integration tests of the
modernized «Izomer» setup that comprises data acquisition and accumulation systems and control
units of the neutron beam chopper, have been performed. The first measurements of *°U and ***Pu
have been conducted with the modernized setup.



1.3 Gamma-spectroscopy of neutron-nuclear interactions

1.3.1 Investigation of two-quantum gamma-cascades

The problem of completely model-absent determination of the density of levels in a fixed
interval of their spins and reduced probability of their exciting and discharging dipole electric and
magnetic gamma-transitions at excitation energies around the neutron binding energy has been
solved. No analogous experimental data exist in the world.

The employed method uses the experimental data on the cascade population of levels excited
at thermal neutron capture up to the excitation energies of no less than 3-5 MeV and the intensities
of the earlier measured two-quantum cascades to the low levels of the same nuclei. A comparison of
these data makes it possible to estimate experimentally the degree of the difference in the energy
dependence of the radiative strength functions of the primary and secondary transitions in the
cascade gamma-decay of the compound state and, with accounting for the difference, to determine,
without any additional hypotheses, the interval of probable densities of levels with a minimum
systematic error to date. Such data were obtained for 19 nuclei from the region 39<A<201. The main
physical conclusion that follows from their analysis is: in the majority of nuclei a quite essential
change in the structure of the excited levels is observed in the regions around 20, 50 and 80% of the
neutron binding energies. The effect manifests itself in a considerable change of the derivative of the
energy dependence of level densities and the variation (well-correlated with its change) of the
radiative strength functions of both primary and secondary gamma-transitions.

Within the framework of the existing models of level density the observed effect may be
related to the breakup of at least two Cooper pairs of nucleons. But the magnitude of the effect of the
change of the observed density of levels depending on the excitation energy of a nucleus does not
correspond to the predictions of the generalized model of the superfluid nucleus first of all by the
position of a point of superfluid-to-ground-state phase transition.

1.3.2 Determination of the level scheme of Yb isotopes

In 2004 in the framework of the cooperation between FLNP and the scientists from the
Prague Polytechnic University (Prague) the analysis of the results obtained in the experiments on the
filtered neutron beams conducted at the pair spectrometer in the Brookhaven National Laboratory
continued. Gamma-spectra of radiative capture of thermal neutrons, neutrons with energies of 2 keV
and 24 keV have been obtained. These spectra have been treated and a considerable amount of
information on the levels of a '7*Yb nucleus has been gained. About 300 levels have been revealed
up to an excitation energy of 4 MeV. The paper «Levels of Populated '"*Yb in Individual Resonance
Neutron Capture» has been prepared to publication on the basis of the results of the measurements
carried out in FLNP JINR at the IBR-30 reactor, in which gamma-spectra from 32 resonances of
'">Yb were obtained. The paper lists the values of energy, spin and parity of 77 levels of a '"*Yb
nucleus and compares the obtained results with the available data.

1.4 Investigations of (n, p) and (n,a) reactions

At the EG-5 generator of FLNP JINR experiments to measure the energy dependence of the
angular distribution coefficients in the reaction '"N(n,p)'*C for the neutron energy interval ~ 10 keV
~ 1 MeV started. Investigations of the interference effects of s- and p-resonances in the reaction (n,p)
are of interest both from the viewpoint of obtaining more complete spectroscopic information about
p-resonances and more precise interpretation of the measurement results of P-odd effects. Neutrons
were produced in the reaction 'Li(p,n)'Be. A thick lithium target and protons with an energy
exceeding the threshold value by 20 keV were used. Thus, the integrated neutron spectrum was
formed in the cone of ~ 120°, which was in the energy dependence close to the Maxwellian
distribution at an average energy of ~ 30 keV. The angular distribution data for such spectra are also



of importance for the understanding of what causes so strong discrepancies (by a factor of 2-3) in the
Maxwellian spectrum-averaged cross section values at stellar temperatures obtained in a number of
works. The detection and spectrometry of protons were performed by a two-section ionization
chamber with a grid and electronic multidimensional data acquisition system. An adenine (CsHsNs)
267 pkg/em® thick target of sizes 180x160 mm was used as a sample. The forward-backward
correlation o, = (4.2 + 4.0)-107 not accounting for the background was obtained.

At present, the design of the device for rotating and moving the chamber to perform the main
measurements and estimations of the background is being developed.

The °Li and Be targets for joint experiments to study the (n,o) reaction at the Peking
University have been manufactured. A gas deuterium target is being designed to continue the
investigations of the (n,p), (n,a) reactions on fast neutrons at EG-5.

The work on preparation to the investigation of "nonstatistical" effects in a-decay of neutron
resonances of '*’Sm at the slowing-down time spectrometer STS-100 in INR RAS in Troitsk has
been started.

1.5 Nuclear data program
1.5.1 Investigation of resonance structure of neutron cross-sections

The treatment of the time-of-flight spectra earlier obtained on 122 m, 501 m and 1006 m
flight paths of the IBR-30 reactor with the help of multisectional neutron and gamma-ray detectors
for Nb, Mo, Pb, **°U (77 K and 293 K) sample filters has continued through the past year. From the
time-of-flight spectra after the background subtraction the total and partial neutron group cross-
sections and the resonant blocking coefficients of the total cross-section and the scattering cross-
section in the energy range from 100 eV to 200 keV for Nb, Mo, Pb have been determined. The
experimental errors of 