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KOHUEHTpauuei B ciiase Fe-31 ar. % Ga H. A. ®eoopos, /I. H. I pozoanos, 10. H. Konau
unrepmeramnun  Fe;Gag  Beensercs

B mporecce oxnaxaeHus mnpu ~ 510°C,

npejtoTBpamas Bhenenne a-FegGas. MeToa Me4eHbIX HEUTPOHOB
Crarest 00 wuccnenoBanmsx «Com-

parative Study of Structures and Phase U ero HpHMeHeHI/Ie

Transitions in Fe—(31-35)Ga Alloys

by In Situ Neutron Diffraction» aBTO- }1 JIS (l)yHIlaMeHTa JBHBIX

poB T.H.Bepumaunoii, H.O.Camoii-

nosoii, C.B.Cymnukosa, A.M.Banary- 1

poBa, B.B.[lamaueroii, W.C.TonoBuna H HpHKHaHHI)IX I/ICCJ]EIIOBaHI/II/I

6puta omy6nmkoBaHa B 2023 1. B Journal of

Alloys and Compounds (https://doi. He#TpoHb! SBISIOTCA YHUKAIBbHBIM MHCTPYMEHTOM, IO3BOJISIOIINM

org/10.1016/j.jallcom.2022.167967). M3y4aTh CTPYKTYpYy BEIIECTBa Ha pa3HbIX MaciiTadax: OT HaHOYACTHI]
(1072 m) no aromubix saep (10715 m). XapakrepHslii pazmep uccieye-
MBIX OOBEKTOB M CHHCOK BO3MOYKHBIX IPOIIECCOB, MPOUCXOAALINX MPHU
MIPOXOXKJEHUN HEUTPOHOB Uepe3 BELIECTBO, ONPENEISIIOTCS UX YHEPTUEH.
CtpoeHne MOJIEKYNl U KPUCTAJJIOB MCCIIEyeTCs C TIOMOIbI0 HEUTPOHOB
Hu3kux sHepruit (Menee 0,03 3B), a cTpyKTypa aTOMHBIX s7€p U SACPHBIC
peaxknuu — B OCHOBHOM C ITOMOMIBIO Oosiee OBICTPBIX HEHTpOHOB. M3-3a
CBOCH 3JIEKTPOHEHTPATEHOCTH HEHTPOHBI 00MagaroT OOIBIION TTPOHNKA-
IOIIEH CHOCOOHOCTBIO, YTO JIeJIaeT BeChbMa IPHUBIEKATEIBHBIM HCIOJb-
30BaHNE HEWTPOHHOTO W3IIyYCHHMs Ul HEPa3pyIIArONIETO JIEMEHTHOTO
aHallnM3a, B JOCMOTPOBBIX KOMIUICKCAX M TPH HCCICTOBAHUN CKBAKUH
(HEHTPOHHOTO KapOTaXa).

~510°C, thus preventing the appearance N. A. Fedorov, D. N. Grozdanov, Yu. N. Kopatch
of another monoclinic phase, 0-FegGas.

In 2023, the Journal of Alloys and

Compounds published an article about the Tagged Neutron Method and Its
research “Comparative Study of Structures . .

and Phase Transitions in Fe—(31-35)Ga App]lcatlon for Fundamental
Alloys by In Situ Neutron Diffraction”

authored by T.N.Vershinina, N.Yu.Sa- and Applied Research

moylova, S. V. Sumnikov, A. M. Balagurov,

V.V.Palacheva, I.S.Golovin (https://doi.
org/10.1016/j.jallcom.2022.167967). Neutrons are a unique tool that allows one to study the structure of

matter at different scales: from nanoparticles (107 m) to atomic nuclei
(10715 m). The characteristic size of the objects that could be studied and
the list of possible processes that take place in interaction of neutrons
with matter are determined by their energy. The structure of molecules
and crystals is studied using low-energy neutrons (< 0.03 eV), while the
structure of atomic nuclei and nuclear reactions are mainly studied using
faster neutrons. Due to their electrical neutrality, neutrons have a high
penetrating power, which makes it very prospective to use neutron radia-
tion for nondestructive elemental analysis, in inspection complexes and in
geological research (neutron logging).

An important task in experiments with neutrons is to determine their
energy. In contrast to charged particles and y quanta, which with a fair-
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BaxHoil 3aaueli Ipu NOCTAaHOBKE HKCIEPUMEHTOB C
HEUTPOHAMU ABISIETCA ONpEENCHUE MX dHepruu. B otr-
JIMYUE OT 3apsHKCHHBIX YaCTHUIl M Y-KBAHTOB, KOTOPBIE C
JIOCTaTOYHO OOJIBIION BEPOSTHOCTBIO TEPSIOT BCIO CBOIO
OHEPIuro 1npu B3aHMOHeﬁCTBHH C YYBCTBUTCIIbHBIM 00b-
€MOM JIETEeKTOpa, HEHTPOHBI OOBIYHO OJHOKPATHO WM
MHOTOKPAaTHO PacCEMBAIOTCS B BEILECTBE IETEKTOpa, He
(dopMupyst BBIPQXKEHHOTO THKA ITOJHOTO MOIIOUICHUSI.
ITosTOMy [UIs1 HEUTPOHHOM CHEKTPOCKOIIMM Yalle BCETO
ncnonp3yercs meton Bpemenn npoiera (ToF), B koropom
SHEpPrus HEUTpPOHA BBIYMUCISECTCA MO BPEMEHH, MPOIIEa-
meMy ¢ MOMEHTa POXKICHUS HEHTpOHA/Hadana HeHTpOH-
HOTO UMITYJIbCA 10 PErUCTpaly MPOAYKTOB B3aUMOEH-
CTBHS IIPH M3BECTHBIX PACCTOSHHUAX MEXKIY MCTOYHHUKOM
HEHTPOHOB M HCCIETyeMbIM OOBEKTOM (IPOJIETHHIX Oa-
3ax). Jms peanuzanuu ToF cTposiTcst mMITyibCHBIE HCTOY-
HUKHU HEUTpoHOB, Takue kak UBP-2, UPEH, umnynbcHbie
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HEUTpOHHBIE reHepaTopsl. Ha cTarmoHapHbIX HCTOYHUKAX
YCTaHABJIMBAIOT IIPEPBIBATEIH ITyUKa.

ANBTEpHAaTUBON HMITYJIbCHBIM HCTOYHHUKAM MOTYT
OBITH yCTPOMCTBA, B KOTOPHIX POXJICHNE HEHTPOHOB ITPO-
UCXOJUT B PEAKIMU C BBUICTOM 3apsDKCHHBIX YaCTHUII, KO-
TOpBIE JIETKO 3aperucrpuposars. Haubomee mpocToit u
3¢ GEKTUBHON ISl UCIIONB30BaHMsI B TAaKUX YCTaHOBKAaX
apnsercs peakuus T(d, n)*He, Tak kak ee ceueHUE UMEET
APKO BBIPAXKEHHBIH MakcuMyM okojiio 100 k3B, ono mo-
CTaTOYHO BENUKO (OKOJNO 5 0), yIJIOBOE pacrpeneieHne
ee TPOJYKTOB OJIN3KO K M30TPOITHOMY Kak B C.II.M, TaK
U B JI.c. Poxparomuecs B 3TOM peaklMu HEUTPOHBI UMe-
10T 2Hepruto okonio 14 M»sB. Peructpauus a-yactuiibl,
HCITYIIEHHON OJHOBPEMEHHO C HEHTPOHOM, C IIOMOILBIO
MMO3UIIMOHHO-YYBCTBUTEIBHOIO  JIETEKTOpa  IO3BOJISIET
OIIPEAEINUTh HAIIPABICHHUE JIBIKCHUSI COOTBETCTBYIOIIETO
Helrpona. C 1MOMOIIbI0O BPEMEHHOTO MHTEpBaJa MEXKIY

Heiirponnstii reneparop MHI-27
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Fig.1. Scheme of the setup
with the implementation of TNM

ly high probability lose all their energy when interacting
with the sensitive volume of the detector, neutrons are usu-
ally singly or repeatedly scattered in the detector material
without forming a noticeable full energy absorption peak.
Therefore, for neutron spectroscopy, the time-of-flight
(ToF) method is most often used, in which the neutron en-
ergy is calculated from the time elapsed from the moment
of neutron emission/the beginning of a neutron pulse to
the registration of reaction products at known distances be-
tween the neutron source and the object under study (flight
bases). To implement ToF, pulsed neutron sources are being
built, such as IBR-2, IREN, and pulsed neutron generators.
Beam choppers are installed on stationary sources.

An alternative to pulsed sources can be devices in
which the production of neutrons occurs in a reaction with
the emission of charged particles that can be easily detect-
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ed. The simplest and most efficient reaction for use in such
devices is the T(d, n)*He reaction, since its cross section
has a maximum at about 100 keV, it is quite large (about
5 b), and the angular distribution of its products is close
to isotropic, as in center-of-mass system, as well as in lab
system. The neutrons produced in this reaction have an en-
ergy of about 14 MeV. Registration of an o particle emitted
simultaneously with a neutron using a position-sensitive
detector makes it possible to determine the direction of
motion of the corresponding neutron. The use of the time
interval between the detection of an a particle and the reac-
tion products in the test sample, together with information
about the position of the triggered element of the o detec-
tor, makes it possible to determine the spatial coordinates
of the point of interaction of the neutron with the nucleus.




B JIABOPATOPUAX MHCTUTYTA

perucTparmell o-4acTHIl W MPOAYKTOB PEAaKIMH B FC-
cregyemMoM oOpasre ¥ WHPOPMAIUH O MOJIOKEHUH Cpa-
0OTaBIIEro 3IeMEHTa 0-ACeTEKTOpa MOXKHO OIPEICITUTh
MIPOCTPAHCTBCHHBIC KOOPIMHATHI TOUYKH B3aHMMOJCHCTBHUS
HEHTPOHA C SIPOM.

B skcmeprMeHTe 10 UCCIICIOBAHHUIO PACCESHIS HEll-
TPOHOB Pa3HHIIA BO BPEMEHHU MKy CpadaThIBaHUEM - U
HEHTPOHHBIX JETEKTOPOB ITO3BOJISICT OMPENCIUTH HEp-
THIO 3apEerHMCTPUPOBAHHBIX YaCTHI] — pEajn30BaTh Me-
tog ToF, aHamOrHMYHBIA PUMEHIEMOMY Ha MMITYJIbCHBIX
ucrtoyHuKax. TUNHYHAs cXeMa YCTaHOBKH, B KOTOPOH pe-
anmu3yeTcs o0CykKaacMasi METOIMKa (METOJ] MEYCHBIX HEH-
TpoHoB, MMH), nmpuseznena Ha puc. 1.

B JIaGoparopuu HeliTponHol (puzuku um. . M. dpan-
ka ¢ 2014 r. paboraer komutadbopanuss TANGRA (Tagged
Neutrons & Gamma Rays), 3aHuMaromascss u3yueHuem
HEUTPOH-SJACPHBIX PEAKIUNA C HCIOJIb30BAHUEM METO/a
MEYEHBIX HEWTPOHOB, IMOMCKOM HOBBIX ITyT€H HCIIOIB30-
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BaHUS HEHTPOHHBIX METO/IOB B (PyHIaMEHTANBHBIX U TIPHU-
KIITHBIX UCCIeoBaHUAX. [IpHOpUTETHRIM HAIIpaBICHUEM
pabOTHI ABISIETCS TONTYICHUC SIICPHBIX TaHHBIX.

3a mpomreAmMe Tombl Koyutaboparuei ObUIO  ITo-
CTaBJICHO 3HAYUTEJILHOE YUCIIO IKCIIEPUMEHTOB 110 U3Me-
PEHUIO YITIOBBIX paclpeeNieHUi U BBIXOIOB y-U3TyUeHHUS,
HCITyCKaeMOTro MPOAYKTaMU HEHUTPOH-AJIEPHBIX PEeaKIni.
B kxagecTBe NCTOUYHMKA MEUCHBIX HEUTPOHOB MTPUMEHSIICS
koMmrakTHblil D-T reneparop MHI-27; nns perucrpauun
y-KBaHTOB HCIIOJIH30BAHCh KaK KOJNBIIEBBIC CHCTEMEI, CO-
CTOSILIIME U3 CUUHTHILUISIMOHHBIX AeTekTopoB Nal u BGO,
MO3BOJISIONINE U3MEPATh YINOBBIC PACHpEeNICHUs y-u3-
JIYYCHHUS U1 HanOOJiee MHTCHCHBHBIX IIEPEXOJ0B, TaK U
netexTop u3 ceepxunctoro repmanus (HPGe), mpumens-
eMBIH TSI W3MEPEHUs] BBHIXOJOB MHTEHCHBHBIX M JIOCTa-
TOYHO CIIAOBIX y-THHUH. CXeMBl YCTAaHOBOK IPUBEICHBI
Ha puc.2.

Puc.2. Cxembl 5KCIIEpUMEHTATIBHBIX YCTAaHOBOK, UCTIONB3yeMbIX Kortaboparueii TANGRA. Bee pasmeps! mpruBeieHBI B MIJUTUMETPaX
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]
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Fig.2. Schemes of experimental setups used by the TANGRA Collaboration. All dimensions are given in mm

In an experiment to study neutron scattering, the dif-
ference in time between the operation of o and neutron
detectors makes it possible to determine the energy of de-
tected particles — to implement the ToF method, similar
to that used on pulsed sources. A typical setup scheme
in which the discussed technique is implemented (the
tagged neutron method, TNM) is shown in Fig. 1. Since
2014, the TANGRA (TAgged Neutrons & Gamma RAys)
Collaboration has been working at FLNP JINR, which
studies neutron-nuclear reactions using the tagged neutron
method, searching for new ways to use neutron methods
in fundamental and applied research. The priority area of
work is the acquisition of nuclear data.

Over the past years, the Collaboration has carried
out a significant number of experiments to measure the

Kl

angular distributions and yields of y radiation emitted by
the products of neutron-nuclear reactions. The ING-27
compact D-T generator was used as a source of tagged
neutrons; both ring systems consisting of Nal and BGO
scintillation detectors, which make it possible to measure
the angular distributions of y radiation for the most intense
transitions, and a high-purity germanium (HPGe) detector
were used to measure the yields of both intense and rather
weak y lines. The diagrams of the setups are shown in
Fig.2.

The usage of TNM allows one to separate useful
events associated with reactions in the sample from back-
ground events arising due to the interaction of neutrons
with the structural elements of the facility using time win-
dows.
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[Ipumenenne MMH 1no3BosiieT OTAENATH MOJE3HBIE
COOBITHSI, CBSI3aHHBIE C PEAKIUsIMHU B oOpasiie, oT (oHo-
BbIX, BO3HUKAIOIIMX M3-32 B3aUMOJEHCTBUS HEUTPOHOB
C KOHCTPYKOUOHHBIMU JJIEMCHTAMU YCTAHOBKH, C ITOMO-
IO BPEMCHHBIX OKOH.

B xoze nanpHeiiiieit 00paboOTKH U3 SHEPreTHYECKUX
CIIEKTPOB )-KBaHTOB, MMOCTPOCHHBIX Ha OCHOBE OTOOpaH-
HBIX IO BPEMCHU CO6LITHﬁ, HM3BJICKAIOTCA BBIXObI U YTJI0-
BbIE pacmpenenenus (puc. 3).

Hccnenyemble HAME apaMeTpbl p-U3Ty4eHHs MOTYT
OBITh HWCIIOJBb30BAHBI Ul TECTHPOBAHMS KOPPEKTHOCTH
MOJISITPHOTO OMHUCAHUS HEHTPOH-SACPHBIX peakmuid [5].
HaGop ucnyckaembix B peakiusx (N, xy) y-KBaHTOB YHHU-
KaJICH U1 KaXXI0T0 Apa U MOXKET 6BITI) HUCIIOJIB30BaH AJIsL
UICHTU(HUKALUH SJIEMEHTOB U JIaXKe U30TOIMOB. JTO Onpe-
OCIICT BOCTpe6OBaHHOCTL MMOJIy4yaceMbIX HaMWU JaHHBIX
JUISl Pa3BUTHSI METOJMKH OBICTPOTO HEpa3pyIIaoIIero dJe-
MeHTHOTO aHayiu3a. B pamkax npoekra TANGRA odop-

Puc.3. DHepreTUYECKUe CIEKTPHI BBICOKOTO paspermenus s “°Fe (N, xy) (cesa), yIIoBbIe PaCTIpeIeTEHUS TS IBYX
HanboJee MHTCHCUBHBIX y-JIMHUI B CPAaBHEHHU C APYTHUMH pabotamu (cripaBa). [lomydeHHbIC HAMU PE3yIbTaThl OITyOIMKOBAHBI B [4]
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Fig.3. High-resolution energy spectra for 3°Fe (n, xy) (left), angular distributions for the two most intense y lines compared to other

studies (right). Our results were published in [4]

In the further data processing, yields and angular dis-
tributions are extracted from the y quanta energy spectra
filled on the basis of time-selected events. An example of
the obtained results is shown in Fig. 3.

The parameters of y radiation studied by us can be
used to test the correctness of the model description of
neutron-nuclear reactions [5]. The set of y quanta emitted
in reactions (N, xy) is unique for each nucleus and can be
used to identify elements and even isotopes. This deter-
mines the relevance of our data for the development of
a technique for fast nondestructive elemental analysis.
Within the framework of the TANGRA project, two arecas
of applied works were formulated. At present, the team
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is assembling a setup for measuring the cross sections of
y-ray radiation, which will later be used to create a data-
base similar to CAPGAM, but for fast neutrons. Then, the
method of position-sensitive elemental analysis will be
created and tested on the same setup. Another line of re-
search is the creation of a compact mobile unit for measur-
ing the concentration of carbon and other elements in soils,
as well as the corresponding methodology. Information
on the chemical composition of soils is important for the
intensification of agriculture and ecology, but the tradi-
tional methods of obtaining it are chemical ones and are
associated with labor-intensive sample preparation. The
use of nuclear methods, and, in particular, TNM, makes
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MIJIOCH JBa HANpaBJICHUS NMPUKIATHBIX paboT. B HacTto-
sIee BpeMsl KOJUICKTUB 3aHMMACTCsI COOPKOI yCTaHOBKU
JUTSL U3MEPEHUsI CEUEHUH U3TYyUYEHUs y-KBAaHTOB, KOTOpPbIE
BITOCJICACTBUU OYyIyT MCIONB30BAHBI JJISI CO3IMaHUS 0a3bl
nmaHHbIX, aHamorungHod CAPGAM, HO mist OBICTPBIX HEM-
TPOHOB. 3aTeM Ha ATOH K& YCTaHOBKe OyleT CO3aBaThCst
U TECTUPOBATHCS METOIMKA [TO3UIIMOHHO-UYBCTBUTEIBLHO-
ro JIEMEHTHOTO aHAJIHM3a.

Jpyrum HarpaBlieHUEM MCCIIEAOBAaHUMN SIBISIETCS CO-
3AHKE KOMITAKTHOW MOOWJIBHON yCTAHOBKH ISl U3MEPE-
HUS KOHIIEHTPAIUH YIJIEpo/ia U APYTUX 3JIEMEHTOB B MOY-
Bax, a TAaK)Ke COOTBETCTBYIOIIEH MeToquku. MHpopmanms
0 XMMHYECKOM COCTaBE TOYB BaKHA Ui MHTEHCH(UKA-
MU CEJTBCKOTO XO3SMCTBa M JKOJIOTHU, HO TPaJUIIMOH-
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HBIE METOJIbI €€ MOJTYy4eHHsS — XUMHUYECKNE — CBSI3aHBI
C TPYAOEMKOH MPOOONOATroTOBKOU. [TprMeHeHHE SICPHBIX
METOZIOB, U B uacTHocTH MMH, 1o3BOJIsI€T N30aBUTHCS OT
9TOTO TPYAOEMKOTO 3Tala M CyIIECTBEHHO YCKOPHUTH W3-
Mepenust. JlononHurensHbIM npeumyiectsoM MMH sB-
JSIETCSl BO3MOYKHOCTh CTPOUTH IIyOWHHBIE MPOQHIH KOH-
LEHTpAIUU AIIEMEHTOB, pa3/ielsas BpeMEHHbIE CIIEKTPhI Ha
KOMIIOHEHTHI. [IpuMepHas cxema MOOMIBHONW yCTAaHOBKH
JUISL 2JIEMEHTHOTO aHaJIN3a TO0YB HETMOCPEICTBEHHO B IO-
Jie, a TaK)Ke MPUMep BBIZCICHUS BKIJIAJOB COOBITHIH € pas-
HBIX TNIyOHH NpHUBe/IeHbI Ha puc. 4. Pe3yibrarsl HauaJIbHO-
TO 3Tama dTUX paboT OIMyOIMKOBAHE B [0].

[Ipu pa3paboTke MOOHMIBHOH YCTAaHOBKH TpeOyeTcs
pPeUINTL MHOXCECTBO 3ajay: HeO6XOJII/IMO OLICHUTH BJIH-

Puc.4. KoncTpykiust MOOMIBHOM yCTaHOBKH JJIs SIEMEHTHOTO aHAJIM3a MOoYB (cieBa),
MIPUMEp ONPEENICHHUs KOHIIEHTPALMK YIVIEPO/ia Ha Pa3HbIX IIyOHHAX C IIOMOIIBIO PA3JIOKEHHs BPEMEHHOT'O CIIeKTpa (Crpasa)
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Fig.4. The design of a mobile unit for elemental analysis of soils (left), an example of determining the concentration of carbon at

it possible to get rid of this time-consuming stage and
significantly speed up measurements. An additional advan-
tage of TNM is the ability to build depth profiles of ele-
ment concentrations by dividing the time spectra into com-
ponents. An exemplary scheme of a mobile setup for ele-
mental analysis of soils directly in the field and an example
of highlighting the contributions of events from different
depths are shown in Fig. 4. The results of the initial stage of
these works were published in [6].

When developing a mobile setup, it is important to
solve many problems: it is necessary to evaluate the ef-
fect of soil moisture and density on the data obtained, to
choose the most optimal way to measure these values, and
to learn how to separate the contributions of organic and
inorganic substances to the total carbon concentration. So

different depths using the decomposition of the time spectrum (right)

far, there are no grounds to consider these problems un-
solvable.

TANGRA is not going to stop at research and practical
application of reactions (N, xy). We have already set up an
experiment to study the elastic and inelastic scattering of
neutrons on carbon, in which the angular distributions of
neutrons were measured [7]. At present, we continue to ac-
cumulate data for a more accurate study of the Hoyle state
in 12C. The most correct information about it is necessary
for more accurate modeling of stellar nucleosynthesis. The
Collaboration also plans to explore the reactions (n, 2n),
(n, p), (n, @), which are a valuable source of information
about the structure and shape of atomic nuclei.
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SIHUE BJIQKHOCTH M IUIOTHOCTH TIOYBBI Ha MOJyYyaeMble
JIaHHBIE, BRIOpATh HAaHOOJIEe ONTUMAIBHBIN CIIOCO0 U3Me-
PEHUSI DTUX BEJIWYWH, HAyYUTHCS PA3eiTh BKIAIBI Op-
TaHUYECKUX M HEOPTaHWYECKUX BEIECTB B OOIIYIO KOH-
nentpanuio yrepoaa. [loka Her ocHOBaHUM cUUTATh 3TH
3aJ1a4u Hepa3pelnMbIMH.

TANGRA He cobupaeTcsi 0CTaHABIMBATHCS HA UCCIIe-
JIOBAaHUU M MPAKTHYECKOM IPUMEHEHUH TOJNBKO PeaKIui
(n, xy). Hamu y>ke OBIT TOCTABJICH SKCIIEPUMEHT T10 UCCIIe-
JIOBAaHHIO YIPYTOTO M HEYNPYToro paccestHusl HEHTPOHOB
Ha yIepoJie, B KOTOPOM HU3MEpsUTUCh YINIOBBIE paciipejie-
JIEHUSI HEUTPOHOB [7], B HacTOAIIEE BPEMS MbI ITPOOIIKA-
€M HaKOIUICHHEe JAaHHBIX JJisi 00Jiee TOYHOTO HCCIIeIoBa-
Hus cocTosinus Xoitna B 12C. MakcuManbHO KOppeKTHast
nHpOpPMAIIUS O HEM HeoOXoauMa sl 60jIee TOYHOIO MO-
JIeTUPOBaHMsl 3BE3JIHOTO HyKieocuHTe3a. Tarke B IUia-
HaX KOJUTabopamuu ucciaenoBarh peakuuu (N, 2n), (N, p),
(n, o), sIBASIFOIIEIECS] IIGHHBIM UCTOYHUKOM HH(OpMAIUH O
CTPYKTYpe 1 (hopMe aTOMHBIX sITIEp.
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