B JIABOPATOPUAX MHCTUTYTA

B. J/I. /Kaxemoes, IO. B. Hukumenko

AT THE LABORATORIES OF JINR

N3oTonHO-UACHTUPUIUPYIOLIAS
HEUTPOHHAA pedieKTOMeTPu
Ha cniekTpoMerpe PEMYP peakropa UBP-2

Ha nmmynmscaOM peaktope UBP-2 (JIHO OUAN) ak-
THUBHO MPOBOAATCS MCCIECOBAHUS IPAaHUI] pa3/iena B reTe-
POCTPYKTypax ¢ MPUMEHEHHEM HEHTPOHHOTO pacCesHHs.
Bonbiioit kiace 3a1ad 1o JaHHOMY HallpaBJICHUIO IIOCBS-
IIEH M3YYEHHWIO CBOWCTB TOHKOIICHOYHBIX T€TEPOCTPYK-
TYp, aKTyaJlbHOE 3HaY€HHE KOTOPhIX 00YCIJIOBICHO Pa3BHU-
THEM HAHOMIEKTPOHWKH M CIIMHTPOHUWKH. s pemenus
TaKUX 3aJla4 UCIIONb3YeTCsl peIEeKTOMETP MOJISIPH30BaH-
HbIX HelitpoHoB PEMVYP (8-if kanan peakropa MBP-2).
MeTton HEHTPOHHOH pedIEKTOMETPUH 3aKIYacTCsl B
PEerucTpauuy OTPaKEHHOTO OT TeTEPOCTPYKTYpPbI CKOJ-
JIMMUPOBAHHOIO ITyYKa TEIUIOBBIX HEUTpOHOB. HelTpon
“MeeT COOCTBEHHBI MOMEHT, YTO TI03BOJISIET UCCIIEI0BATh
pacmnpesiesnieHe HaMarHU4eHHOCTH BHYTPU T€TEPOCTPYK-
Typsl. OCOOCHHOCTh METONa HEUTPOHHOH pedieKTome-
TPUU — PETUCTpaLUsl CyMMAapHOM SHEPruu B3auMOIEH-
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CTBHSI HEHTPOHOB C 3JIEMEHTaMH CPEeIbl, pacTpeieIeHHbI-
MH 10 TIyOMHE CTPYKTYpPhI. B KauecTBe A0MOTHEHUS OBLIO
TIPEUIOKEHO TIPH TIOTIOMICHUN HEHTPOHOB PAa3TUIHBIMU
M30TOMAMU PETUCTPUPOBATH BTOPHYHBIE M3JIyYEHUS: 3a-
PSOKCHHBIC YaCTHIIBI, TaMMa-KBAaHTBI, OCKOJIKH ICIICHHS
sinep. JlonmomTHUTENbHbIE KaHAbl PETUCTPALIUN TTO3BOJISIIOT
HapsTy ¢ TOCTPOSHUEM TPOQIIIS CpeHeit (10 TOBEepXHO-
CTH) TUIOTHOCTH U3 HEUTPOHHOH pedIeKTOMETPUH Ompe-
JIENUTH TPO(UIH pacTpeeNieH s OTISIEHBIX 3JIEMEHTOB
0 TITyOUHE CTPYKTYPBIL.

C 2014 r. mpoBOANTCS MOJEPHHU3ALUS PEIICKTOMET-
pa PEMYVYP, nanpapnennas Ha co3aHue pa3iMYHbIX Ka-
HaJOB pEerucTpauuy BTOPUYHOro wu3iIydeHus. IIpoext
peanmsyercss B Koiutabopanuu IByX otaenenuii JIHO:
HCHTPOHHBIX WCCICIOBaHUN U pa3paboTok B oOIa-
ctu  KoHzaeHcmpoBaHHBIX  cpexn  (FHO.B.Huxkwurenko,

Isotope-Identifying Neutron Reflectometry on
the REMUR Spectrometer of the IBR-2 Reactor

At the IBR-2 pulsed reactor of FLNP JINR, studies
of heterostructures interfaces are actively carried out us-
ing neutron scattering. A specific class of problems in this
area is the study of the properties of thin-film heterostruc-
tures, the relevance of which is associated with the devel-
opment of nanoelectronics and spintronics. To solve such
problems, the REMUR reflectometer of polarized neutrons
(beamline 8 of the IBR-2 reactor) is used. The method of
neutron reflectometry is based on the detection of a colli-
mated beam of thermal neutrons reflected from a hetero-
structure. The neutron has its own moment, which makes it
possible to study the distribution of magnetization within
the heterostructure. A feature of the neutron reflectome-
try method is the determination of the total energy of the
interaction of neutrons with elements of the medium, dis-
tributed through the depth of the structure. In addition,
it was proposed to detect secondary radiation during the
absorption of neutrons by various isotopes: charged par-
ticles, gamma rays, nuclear fission fragments. Additional

channels make it possible, along with the determination of
the average (over the surface) density profile by neutron
reflectometry, to obtain the distribution profiles of individ-
ual elements across the depth of the structure.

Since 2014, the REMUR reflectometer has been under-
going modernization in order to provide various channels
for detecting secondary radiation. The project is carried
out in collaboration between two departments of the Frank
Laboratory of Neutron Physics: Department of Neutron
Investigations of Condensed Matter (Yu.Nikitenko,
A.Petrenko, V.Aksenov, V.Zhaketov) and Division of
Nuclear Physics (Yu. Kopach, N. Gundorin, Yu. Gledenov,
K.Khramko, E.Sansarbayar). First experiments on the
detection of secondary radiation from layered structures
were carried out in 1998-2000. The advantage lies in the
fact that the IBR-2 is a pulsed source, on which the time-
of-flight method allows obtaining data for various neutron
energies in one measurement. This fact reflects a signifi-
cant advance in the implementation of the concept of de-
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A.B.Ilerpenko, B.JI. Akcernos, B. /1. )KakeToB) u ssaepHOit
¢msukn (YO.H.Konau, H. A.I'ynnopun, FO. M. I'menenos,
K. Xpamko, D.Cancapbasip). [lepBbic 3KCIIEPUMEHTHI 110
perucTpanyuy BTOPUIHOTO U3IIyYEHUsI OT CIIOUCTBIX CTPYK-
Typ ObuTH TTpoBeneHs! B 1998-2000 rT. bonpmum npenmy-
LIECTBOM 0Ka3a0ch T0, 4To MBP-2 sBnsieTcst UMIMyIbCHBIM
HCTOYHUKOM, Ha KOTOPOM, IPUMEHEHssi METOJl BPEMEHH
MIPOJIETa, MOXKHO 3a OJHO M3MEPEHHE TMOIY4IHTh HH(pOp-
Malyio ISl pa3uuHbIX 3HAYCHUH SHEPTUM HEHTPOHOB.
JanHblil GakT oTpaskaeT CyIEeCTBEHHOE MPOJBIKEHUE B
peanu3aniy KOHLIEIINH PEruCTPAii BTOPUIHOTO HU3Iy-
YEeHUsS] Ha HEHTPOHHBIX peIeKTOMETpax 10 CPaBHEHHIO
C NMPEIbLIYIMMHU paboTaMK B 3TOM HalpaBJICHUU: I1EPBOE
H3MEpEeHNe BTOPUYHOTO M3JIy4€HHs B BHJE TaMMa-KBaH-
TOB NIPHU OTPAKECHUH HEHTPOHOB OT CTPYKTYPHI, COfIEpXKa-
1Iel cJI0M raJJoMHMS, KOTOPBIH 00JaaeT OOIBIINM cede-
HueM peakuuu (N, y), 6bu10 ipoBezieHo B 1994 1. B CIHA
Ha CTAllMOHAPHOM HCTOYHHMKE HEHUTPOHOB C MOCTOSHHOM
JUTMHOM BOJIHBI HEHTpoHA. Tarke CyIIecTBEHHBIM pa3BH-
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THEM SIBJISIETCS TIOJyYeHWE CHTHaJIa OT 00pas3IoB CO CIIO-
SIMM U30TOIA JIUTHSA-0 B BUAC TPUTOHOB U aJ'Ib(ba—‘laCTI/IH.

K Hacrosiimemy BpeMEHM OCHOBHBIE PaOOTHI 110 CO3-
JAHUIO METONa W30TOMHO-HACHTUHUIMPYIOmed ped-
JIEKTOMETPUM HEUTpOHOB Ha crekrpomerpe PEMYP
3aBeplIeHbl. Peann3oBaHbl M IPOTECTUPOBAHBI KaHAJbI
PETHUCTpAIIUH BTOPUYHOTO W3ITyUCHUS: 3apsDKCHHBIX dYa-
ctur; [1], raMMa-KBaHTOB W HEUTPOHOB, HCIIBITABIINX
nepeBopoT cnuHa [2]. Ha puc. | npencrasineHs! HOHU3a-
[MOHHAsl KamMepa Ha HEHTPOHHOM ITydKe JUIs W3MEPEHUS
CIEKTPOB 3apsDKEHHBIX YacTWI] W ee cxeMa. KapruHa
WHTEHCUBHOCTH HEWTPOHOB Ha JETEKTOpE M KapTa pac-
TIpECICHUs 3apSDKCHHBIX YaCTHI, TTOJYYEHHBIX IS
CTPYKTYPHI CO CIOSMH H30TOIA JUTHUA-0, TPOIEMOHCTPH-
poBansb!l Ha puc. 2. Ceifuac A U3MEpEHHH TOCTYITHEI He-
CKOJIBKO JICCATKOB M30TOINOB M MAarHWTHBIX JJIEMEHTOB.
[TponeMOHCTPUPOBAHO, YTO METOJ MO3BOJSIET HCCIEN0-
BaTh B CIIOHCTHIX CTPYKTypaxX NPOCTPAHCTBEHHBIA IIPO-
¢bub (pacrpeseneHne) MUPOKOTo Kpyra U30TOIOB U Mar-
HUTHBIX SJIEMEHTOB C pa3pelieHueM 1 Hm.

Puc. 1. @) Nonmsammonnas kamepa (1), ycranoBnenHast B rounometpe (2) ciekrpomerpa PEMVYP; b) cxema nonusanmonHoit
KaMepsl: 1 — IMy4oKk HEWTPOHOB; 2 — BXOIHOE U BBIXOAHOE OKHA; 3 — KaTo[; 4 — CeTKa; 5 — paMKa CeTKH; 6 — KOJUIeKTOp (aHOM)

a

Fig. 1. a) lonization chamber (1) installed in goniometer (2) of the REMUR spectrometer; b) schematic of the ionization chamber:
1 — neutron beam; 2 — input and output windows; 3 — cathode; 4 — grid; 5 — mesh frame; 6 — collector (anode)

tection of secondary radiation on neutron reflectometers
in comparison with previous efforts in this direction: the
first measurement of secondary radiation (gamma rays),
when neutrons were reflected from a structure containing
layers of gadolinium with a large cross section of the (n, v)
reaction, was carried out in 1994 in the USA at a steady-
state neutron source with a constant neutron wavelength.
Another significant achievement is that a signal was ob-
tained from samples with layers of the lithium-6 isotope in
the form of tritons and alpha particles.

To date, the main work on the development of the
method of isotope-identifying neutron reflectometry on the
REMUR spectrometer has been completed. The channels
for detection of secondary radiation were implemented
and tested: charged particles [1], gamma rays and neutrons
that scatter with a spin flip [2]. In Fig. 1, a photo of ioniza-

tion chamber on neutron beam for measuring the spectra
of charged particles and its scheme are shown. In Fig.2,
the pattern of neutron intensity on the detector and the dis-
tribution map of charged particles obtained for the struc-
ture with layers of the lithium-6 isotope are given. At the
moment, several tens of isotopes and magnetic elements
are available for measurements. It has been demonstrated
that the method makes it possible to study the spatial pro-
file (distribution) of a wide range of isotopes and magnetic
elements in layered structures with a resolution of 1 nm.
The possibilities of using the method are as follows.
At present, studies of the so-called proximity effects at
interfaces between two solid media are of significant in-
terest. In particular, this applies to the interface between
a superconductor and a ferromagnet [3]. Due to the mutu-
al influence of ferromagnetism and superconductivity, as
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Ecnu roBOPHUTE 0 BOBMOXKHOCTSIX ITPUMEHEHHS METO-
Jla, TO B HAcCTOSIIEEe BPEMsI aKTyaJbHBIM SIBISIETCS] U3y4e-
HUE SBJICHUH OIM30CTH, BO3HUKAIOMIMX HAa TPaHHIE pas-
JieTia JIByX Cpell, HarpuMep Ha rpaHuIle MEX/y CBEpXIIpO-
BOJHUKOM M (eppoMarHeTukoM [3]. 3a cyer B3aMMHOIO
BIIMSIHUSL (peppOMarHeTH3Ma U CBEpXIIPOBOIUMOCTH, 00Y-
CJIOBJICHHOTO KOHEYHBIMU 3HAYEHHUAMH JUINH KOTEPEHTHO-
CTH, MIPOUCXOIUT CYIIECTBEHHAs! MOAN(DHUKALUS MarHNUT-
HBIX M CBEPXIPOBOASAIINX CBOMCTB. DTO TNPOSBISIETCS, B
YaCTHOCTH, B M3MEHEHUH NMPOCTPAHCTBEHHOTO pacIipesie-
JICHUs] HaMarHu4eHHocTH. JlJisi omnpereseHust mpocTpaH-
CTBEHHOTO MarHUTHOTO MPOQHIIS UCIIOIB3YIOT METOI ped-
JIEKTOMETPHN TOJISIPU30BAaHHBIX HEUTPOHOB C HAKIOHHOM
OCBIO TIOJISIPU3ALINH, TO3BOJISIOIINH OMPEIEINTD YSHEPTHIO
MOTEHIMAIILHOTO B3aUMOJICHCTBHS HEHTPOHA CO CpeoH.
CraHJapTHBIN MO/IXO HE 1aeT BOBMO)KHOCTH YCTaHOBHTb,
C KakMMH 3JIEMEHTAMH CBSI3aHbl U3MEHEHHs MOTEHIMAala
B3aUMOJICHCTBHS, B YaCTHOCTH, MarHUTHOTO MPOQUIIs.

s onpenenenns npouIist MOTEHITHANIA B3aNMOACHCTBUS
HEWTPOHA C OTJEIBHBIMHU 3JIEMEHTAaMH HEOOXOIMMO peTH-
CTPUPOBATh BTOPHYHOE U3ITyUCHHE DIIEMEHTOB.

B kawectBe mpumepa npuBeneM usydeHue d(pgex-
TOB OJIM30CTH B MHOTOCJIOMHBIX CTPYKTypax CO CJIOSIMH
CBEPXITPOBOTHUKOB (HUOOMSI M BAaHAIMs1) M CO CIIOSIMU (ep-
pomarHeTuka (TaJoJHHHUSA), OT KOTOPOTO OJHOBPEMEHHO
PETHCTPUPOBAINCH TaMMa-KBaHTHI. [ amonuHuil sBIsieTcst
(heppoMarHeTHKOM C OTHOCHTEIIBHO HH3KOH TeMIIepary-
poii Kropu, 4To nenaer ero npuBIEKaTeIbHBIM JUIS JIaH-
HBIX UccienoBanuil. OOHapyKeHO H3MEHEHHE MarHUTHOM
CTPYKTYPBI 11O BIUAHUEM CBEPXIPOBOAMMOCTHU HA YPOB-
He 4-10%, 9TO OOBSICHSAETCS HENaBHO TpencKa3aHHBIM
ANEeKTPOMAarHUTHEIM 3ddexrom Ommzoctu [4]. Dddekr
HaOJIoIasICsl B MOJICIIONX CBEPXIPOBOAHUKOB (HHOOHS |
BaHa/us) TommuHON mpuMepHo 10 M. B xadectBe BTO-
PUYHOIO U3JIY4YCHMsI IPEANONaracTcs B AaJIbHEHIIEM pe-
TUCTPUPOBATH OCKOJIKU JACJICHUA AAE€P, YTO IMMO3BOJIMT IIPO-

Puc. 2. a) Kapruna pacnpesieieHus MHTEHCUBHOCTH HEHTPOHOB Ha jierekTope B muockoctu N,N;:
1 — npesoMIICHHBIH ITY40K; 2 — OTpa)KEHHbIH My4oK; b) kapra pacnpenesieHiss HHTEHCUBHOCTH c4eTa TPUTOHOB (1)
u anb(a-yacTuil (2) B HOHM3AUHMOHHOH KaMepe B 3aBMCUMOCTH OT aMILIUTYJl CHTHaNIoB (HoMepa kaHana) ¢ anona (Np,) 1 karoma (N,.)
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Fig. 2. a) 2D neutron intensity distribution on the detector in the N,N, plane: 1 — refracted beam; 2 — reflected beam; b) 2D intensity
distribution for tritons (1) and alpha particles (2) in the ionization chamber depending on the signal amplitudes

a consequence of the finite values of coherence lengths,
there is a significant modification of the magnetic and
superconducting properties in some near-boundary vi-
cinity. This manifests itself, in particular, in a change in
the spatial distribution of magnetization. To determine
the spatial magnetic profile, the method of polarized neu-
tron reflectometry with an inclined axis of polarization is
used, which makes it possible to determine the energy of
the potential interaction of neutrons with the medium. The
standard approach does not allow us to determine which
elements are related to changes in the interaction potential
and, in particular, in the magnetic profile. To determine
the profile of the interaction potential of neutrons with in-
dividual elements, it is necessary to detect the secondary
radiation produced by the elements.

(channel number) from the anode (N,,) and cathode (N4.)

As an example, let us consider the study of proxim-
ity effects in multilayer structures with the layers of su-
perconductors (niobium and vanadium) and the layers of
ferromagnetic gadolinium, from which gamma rays were
simultaneously detected. Gadolinium is a ferromagnet
with a relatively low Curie temperature, which is attrac-
tive for such kind of studies. A change in the magnetic
structure under the influence of superconductivity at the
level of 4-10% was found, which is due to the recently
predicted electromagnetic proximity effect [4]. The effect
was observed in sublayers of superconductors (niobium
and vanadium) approximately 10 nm thick. In the future, it
is planned to detect nuclear fission fragments as secondary
radiation, which will make it possible to study isotopes of
actinides. The range of possible studies is extremely wide,
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BOIHUTH MCCICAOBAHUS M30TOIIOB U3 AKTHHHIHOIO
psima s1eMeHTOB. [lrmana3oH BOSMOXKHBIX CCIEI0-
BaHUI KpaifHe MHUPOK, TOCKOIBKY MHOTHE H30TO-
TTBI TIPEICTABIISIOT COOOH UCTOUHUKH raMMa-KBaH-
TOB, a TaKXKe SBISIOTCS UCTOYHMKAMHU 3apsDKCH-
HBIX YaCTHUI] IIPH B3aUMOACHUCTBUH C HEHTPOHAMHU.
JanbHeliee pa3BUTHE HKCIEPUMEHTATBHON TEX-
HUKU TI03BOJTUT HE TOJBKO PACIIUPUTH KPYT H30-
TOTIOB 3a CUET POCTa CBETOCHJIBI CIIEKTPOMETpa
¥ YMCHBIICHUS (pOHA TaMMa-KBaHTOB M OBICTPBIX
HEHUTPOHOB, HO W YBEIWYHUTH MPOCTPAHCTBCHHOE
paspemieHre 10 aTOMHOTO YpoBHs. [IpuMmeneHue
METO/Ia W30TOIMHO-UACHTUDHUIHPYIOMIEH pedIek-
TOMETPHUHU 3HAYUTEIHHO YBEIMUNBACT BOSMOXKHO-
CTH HCCJICAOBAHUS MHOTOCIOMHBIX MArHHUTHBIX
TeTEPOCTPYKTYP.
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since many isotopes are sources of gamma rays, as
well as sources of charged particles when interact-
ing with neutrons. Further development of the ex-
perimental technique will allow us both to expand
the range of isotopes by increasing the luminosity
of the spectrometer and reducing the background
of gamma rays and fast neutrons, and to increase
the spatial resolution to the atomic level. The ap-
plication of the isotope-identifying reflectometry
method significantly expands the possibilities for
studying multilayer magnetic heterostructures.
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