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Opranuzanusa O0beauHeHHbIX Hanuu

MexkayHapoaHbie roabl

2014 ron
MesknyHapOaHbIi IoJ MAJIBIX OCTPOBHBIX PA3BUBAKIIUXCH I'OCYIAPCTB

MekayHapoOAHbIN o KpUucTaLIorpaduu
MekayHaApOAHbIN roJ ceMeHHBbIX (epMepCKUX X031 CTB

2013 roa

MexayHaApOAHbIN ol KBUHOA
MekayHaApOAHBbI I0J BOAHOIO COTPYAHUYECTBA

2012 roa
MexayHaApOAHbIN o[l YCTOMYUBOM JHEPIreTUKM ISl BCEX

MeKIyHAPOAHbIN I0Jl KOONEPATUBOB

2011 rox
MeayHapOAHbIN roj JIeCOB

MexayHapoaAHbIN 1o Ul AQPUKAHCKOT0 MPOUCXOKICHUSA
MeIyHApOAHbIN IoJ MOJIOAEKHU : THAJIOT U B3AMMOIIOHUMAHUE
MekayHapOAHbIN o XMMHHU




2012, Laue centennial: 100-1eTne oTkpbITHS AHPPAKIIUA B

kpucramiaax B 1912 roay

Makc ¢on Jlays 1879 — 1960,
I'epmanus
HooeneBckasi mpemusi (1915 r.)
«3a oTKpbITHE TUPPAKIIUT
PEHTreHOBCKUX JIy4eil Ha
KPHUCTALIIAX»

The observation of X-ray diffraction by Friedrich,
Knipping & Laue (1912) is one of the most important
discoveries in the history of science, with monumental
consequences.




10 HauOo/1ee BHIAAKINUXCH OTKPBITUH B MUCTOPUH
yeJi0BeYecTBa

(1) TadauuaMenaesaeeBa, 1869 r., /[.M1.MenneseeB, Poccusi

(2) TexHoJiorusi MoJy4YeHHA JKejae3a, mpuoan3uTeabno 3500 rox 1o H.3., JIpeBHMIi
Eruner

(3) U300perenne Tpansucropa, 1948 r., /I:x.bapaun u ap., CIIIA

(4) IlonyuyeHnue cTekja, NpuoIn3UTEILHO 2200 roa 10 H.3., ceBepo-3anaanbiii Upan

(5) M300peTenne onTHYECKOT0 MUKpOcKona, 1668 roa, JleBenryk, Hugepaanabl

(6) Co3nanmne coBpeMeHHOro 6erona, 1775 roa, /I:k.CMuTOH, AHI/IHS

(7) IMoayyeHue cTajam B THLJIAX, Npuoan3uTeabHo 300 rox 10 H.3., 10:kHass Uuanst

(8) IMoxyueHHe KNMAKOH MeIH M METHBIX OTJIMBOK, NpUoIH3uTeabHO B 5000 roxy 10 H.).
HA TeppUTOPHH coBpeMeHHOM Typuuu

(9) OTkppiTHE TN PAKINH PEHTITeHOBCKHX JyUeil KPpHCTA/IHYeCKMMHU TeJIaMH,
BAKHEHIIUUA METO U3YyYeHUs CTpPOoeHus BelecTsa, 1912 roa, Makc ¢on Jlay)

(10) BeccemepoBcKHii mponece MOJyYeHHs HU3KOYIJIEPOAUCTOro keae3a, 1856 rox,
I.beccemep, AHriius

AMepHKaHCKOe 001eCTBO MATEPHAJIOBEI0B M TeXHOJI0ToB (2007)




Ha4vaJjio CTpYKTYpPHOI0 aHAJIN3a KPUCTAJLIOB,

Buabsam I'enpu bparr
(William Henry Bragg)
(otem, 1862-1942)

orell ¥ CbIH bparru

The work of Henry Bragg and his son Lawrence
in the two years 1913, 1914 founded a new
branch of science of the greatest importance and
significance, the analysis of crystal structure be
means of X-rays. It is true that the use of X-rays
as an instrument for the systematic revelation of
the way in which crystals are built is entirely due
to Braggs. This was recognized by the award of
the Nobel prize for Physics in 1915 to them
jointly.

Buibsam Jlopenu bparr
(William Lawrence Bragg)
(cbin, 1890 - 1971)

CoBmectHast HoGesieBckasi mpemust mo ¢pusuxe (1915 r.):
«3a 3aCcJIyrd B HCCJIEJOBAHUN KPUCTAJJIOB ¢ MOMOILIBI0 PEHTTEHOBCKHUX JIy4ei»

IlepBrie 00bexThl: NaCl, KCI, KBr, aamas, ZnS (1913 ron)

B monorpaduu “X-rays and Crystal Structure” (1915) — crpykrypsbi 30 coeanHenni




IHopomkoBast fupakuus — meroa dedas-Illeppepa

B 1916 roxy mnpu mnpoBeleHHMH COBMECTHO C
IlleppepomM 3kcnepuMeHTa ¢  PACTEPTHIM
nopomkoM ¢ropuaa Jurusa Jledail moay4us
HEOXKU/IAHHBIN pe3yabTar. BmecTo mMHUPOKHUX
MaKCMMYMOB M MHHHUMYMOB B CIEKTpe ObLIU
00HapYKEHbI HECKOJIbKO YETKUX
AMPPAKIUOHHBIX JIMHUIA. BepHuas
HHTEpHpeTanus 3TOr0 ABJICHUA KaK pe3y/brara
HAJIOKEHUS JIy4yeill, PpacCessHHbIX CJYy4YailHO

- . ayas Hleppep
erep Jleoaii OPUECHTHPOBAHHBIMM KPHUCTAJLUIaMHU, NMPUBeEJIa K (Paul Scherrer)
gZZfagggye) CO3AHMI0 HOBOI0 METOAAa B PEHTIeHOBCKHUX 1890 - 1969

HUCCJIECAOBAHUAX — MOPOIIKOBOM JU(PPaAKIHMH.
Hupepaanasbl

HooeneBckasi npemusi mo xumum (1936):
«3a BKJIa/l B Hallle IOHUMAHUE 5
MOJICKYJISPHOU CTPYKTYPbI B X0/1€

HUCCJICAOBAHUH JUIOJIbHBIX ABJICHUN U
AMPPpaKUUU PEHTIeHOBCKUX JIyyel U 3
3JIEKTPOHOB B ra3ax»
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JAudpakuus HA “nmopoiuKax’: MPUHIMIIbI, 321a41, TEHICHIINU

AKIEHTHI JEeKINN

1. Indpakuus HEMTPOHOB

2. UcTopuyeckmii yKJIOH

3. Yro HoBOIO?

J.R.D. Copley “The Fundamentals of Neutron Powder Diffraction”
NIST Special Publication, 960-2, 2001

T. Egami, S.J.L. Billinge “Underneath the Bragg Peaks. Structural Analysis of Complex
Materials” Pergamon Mat. Series, Vol. 7, Oxford, 2003

V.K. Pecharsky, P.Y. Zavalij “Fundamentals of Powder Diffraction and Structural
Characterization of Materials” Springer, 2005

“Powder Diffraction. Theory and Practice”
Ed.-s R.E. Dinnebier, S.L.J. Billinge, RSC Publishing, 2008

“Principles and Applications of Powder Diffraction”
Ed.-s A. Clearfield, J.H. Reibenspies, N. Bhuvanesh, Willey, 2008
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NITST

KHuru no gudpakuuun Ha “nopomkax”

practice guide

The Fundamentals
of Neutron Powder
Diffraction

John R.D. Copley

Special
Publication
960-2

PERGAMON MATERIALS SERIES
SERIES EDITOR: R.W. CAHN

UNDERNEATH THE BRAGG PEAKS
Structural Analysis of
Complex Materials

by
T. EGAMI
and S.J.L. BILLINGE

/Structure Determination from
Powder Diffraction Data

WL F. DAVID
Rucherfond Apple el

RLOCHER
apihy, ETH Zurici

OXFORD

Applications of
Neutron Powder
Diffraction

ERICH H. KISI AND
CHRISTOPHER J. HOWARD

OXFORD SCI¥ 460 CTPO

Principles and Applications
of Powder Diffraction

Powder Diffraction
Theory and Practice

NEUTRON
DIFFRACTION

G. E. Bacon

Fundamentals of Powder Diffraction
and Structural Characterization
of Materials
Second Edition

Vitalij K. Pecharsky and Peter Y. Zavalij




JAudpakuus HA “nmopoiuKax’: MPUHIMIIbI, 321a41, TEHICHIINU

buL10o HegaBHo Ha [HIkoaax TN D:

2009 “CunexTpoMeTpsl YHIPYIroro
paccesnusi”’ A.M.baaarypos

2011 “RTOF-MeTOa B HEMTPOHHBIX
nudpaxkromerpax” B.A.Kynpsiues

2013 “MarnutHasi Kpucrauiorpapus
U qudpakuusi HEUTPOHOB”
A.M.Bbanarypos

1. Indpakuusi HEHTPOHOB:
- HAYAJI0
- HeuTpoHorpadus B Poccun

2. Kpucramaorpagus: 4yro HOBOro?

3. bparrosckasi audppakuusi HCHTPOHOB
- MOHO- ¥ MOJIM- KPUCTAJLJIBI
- CKAHMPOBaHHE 00PATHOIO MPOCTPAHCTBA

4. JKCIIEPUMEHT: 4YTO HOBOIO?
- MeTo PurBesibaa
- IMITYJIbCHBbIE€ HCTOYHUKH 3-T0 MOKOJIEHUS
- pa3penieHre B 00paTHOM NMPOCTPAHCTBE
- KOppeJasHOHHAA JU(PPAKTOMETPUS
- CHIeNUAJIU3AIMA HEUTPOHHBIX IU(PPAKTOMETPOB

5. Indpaxkuusi HeiiTpoHOB U Li-moHHbBIE
AKKYMYJISTOPbI

6. HanpaBjieHUs1 U TeHAeHIIMHU




Heurponorpagus — nepsbie 1aru

1932 — YsnBuK, OTKPBITHE YACTHIBI ¢ Maccoii 1, 3apsiaom 0 (HeiiTpoHA)

1934 — ®epmu, oTKpHITHE 3aMelJIeHUs]I HEUTPOHOB (TENJIOBbIE HEHTPOHDI)

1936 — Dab3accep (Teopus), Xanbboan&lIlpeiiceepk, Mutuea&lIlayspce, nemoncrpanus
Audpakuuu HEMTPOHOB HA MoJuKpucTaLIe Fe m Mmonokpucranie MgO

1939 — First BF; neutron detector (Korff & Danforth)

1942 [ 1946 — nepBbie aToMHbIe peakTopbl B CIIIA (®epmn) u CCCP (KypuaToB)

1944 — nepBblii MPOMBINLJIEHHBI aTOMHBIN peakTop, Ox-Pumpx, CIIIA

1948 - peakTop BEPO B Xapya/ie (AHrius) o e 3

1949 — Il aan, CMapT, 10Ka3aTeabCTBO aHTH(eppoMarHeTu3mMa B MnO ”/B/,E’f!ﬂ d - “_i“_\( @

1950 — nByxKpucTaJbHBII cieKTpoMeTp, B3koH, AHIINSs \ \253:;\ e 5 > 3 '_|‘
N R =

1952 — first use of 3He proportional counter (Batchelor) e | v A RS I

1963 — TOF-technique is started in Dubna

IlepBoe 10Ka3aTeJbCTBO
AU(PpaAKIUU HEUTPOHOB

1967 — Rietveld method for structural refinement from powder data (Rietveld)
1972 — ocnoBan Institute Laue-Langevin B I'peno6se (®Ppanmusi)
1972 — Linear PSD (multiwire, Charpak) installed on D1B (ILL)

1975 — design for high-resolution diffractometer (Hewat)



IlepBoii saepHblii peakTop B ANL (Uukaro)

1942 r. “Yukarckas nmojJeHHuna” —
PHUCYHOK, H300PaKAI0IINH 32IyCK EPBOIO
siiepHoro peakropa. I'paguroBbie 0/10KH,
MeXKAY KOTOPBIMH PacCHoOJIOKEeHbI MIAPHI U3
MPUPOAHOTO YPaHa.

J.®epmMu B AProHHCKOM
HAlLMOHAJILHOM J1adopaTopuu
(CIIA, 1947)

JHpuko Pépmn

(Enrico Fermi)
1901 - 1954, Uranus - CLLIA

Hoo6eaeBckas npemust (1938 r.)
«32a 10Ka3aTeIbCTBA
CylIeCTBOBAHMS HOBBIX
PaIMOAKTUBHBIX 3JIEMEHTOB,
MOJIyYeHHBIX PU 00J1yYeHUH
HeTPOHAMM, U CBSAI3AHHOE C
3THM OTKPbITHE IePHBIX
peaKuii, BbI3bIBaeMbIX
MeIJICHHbIMH HEeHTPOHAMID)
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IlepBbIii NPpOMBIILJIEHHBIH peakTop, Ok-Pumk, 1944
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IlepBble pOKMHI-KPUBbIE (KPUBbIE KAYAHUA) OT
MOHOKPHUCTAJIJIOB I'HIICa " KaMeHHOM COJIH.

E. O. Wollan and L. B. Borst, Report No. 2222,
Clinton Laboratories, Oak Ridge, USA, 1945

Ernest Wollan (left) and Clifford Shull (standing) working
with their neutron diffraction unit at the Oak Ridge Graphite
Reactor in 1950.

£




1949 r., AFM cTpykrypa B MnO, T =118 K

(m 3m 331 (S1)333)
s v . i ] 1 '
Detection of Antiferromagnetism by Neutron = ey
Diffraction* ool -
C. G. SHULL 60— 80K gl
Oak Ridge National Laboratory, Oak Ridge, Tennessee o 5
AND P
20— —
J. SAMUEL SMART i
Naval Ordnance Laboratory, White Oak, Silver Spring, Maryland 1 0o, it (RS R
August 29, 1949 o s IR b L e Lo
CHEMICAL UNIT CELL)
’ I ‘WO necessary conditions for the existence of ferromagnetism o Moo (o™
are: (1) the atoms must have a net magnetic moment due § »
to an unfilled electron shell, and (2) the exchange integral J B
relating to the exchange of electrons between neighboring atoms e
20—
z 0 20 o ";0'1 40* 50°*
F1G. 1. Neutron diffraction patterns for MnO at room
temperature and at 80°K.,

C.G.Shull, J.S.Smart

Physical Review (1949)” 19‘13;'ff§5315r(‘:“1'['1A
AFM of MnO 2

HobeneBckas npemus (1994 r.)
«3a HCCJIeOBAHUSA B 00J1aCTH
audppakuu HEUHTPOHOB)

m |
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Pazsurue Herirponorpagpuu B CCCP

1946 — nepsbiii peakTop B CCCP (KypuaroBckuii nHCTUTYT, MoCKBAa)

Ha 3tom myctsipe B 1943 1.
OBLII MOCTPOEH OynyIIui
“Kyp4aToBCKHUI MHCTUTYT”

B 3Tom 3p1anmuu B 1946 r. 6bL12 N.B.Kypuaros

OCYIIIeCTBJIEHA NMepBasi leNnHas 1902 - 1960, CCCP
peakuusi B EBpone / A3umn

1957: UPT — nepBblii HCCJI€10BATEIbCKUI PEaKTOP B
CCCP B PHII KA, W = 2 MBT. PekoncTpynpoBan B
1981 r. B UP-8 — TemsioBast momnocts W = 8 MBT,

12 ropu30HTAJbHBIX KAHAJIOB.

1959: BBP-M - I'atuuna (JIUSA®P), 16 MBrT, 14 kanajioB

1966: UBB — 3apeunblii (MPM), 15 MBT, 6 kanajioB

1961: UBP-1 — lyona (OUSN), 1 kBt, uMnyabCHBbIM

I



HeuTpoHorpadus — nepBbie 1aru

-

G.E.Bacon, P.I1.O3epos, 1.S0
(dyona, 1965)

snowska, J.Sosnowski

Yuacruuku Konrpecca IUCr
(MockBa, 1966) Bo Bpemsi BU3UTA
B O0HMHCK Ha peakTop B PXMU.

P.I1.O3epoB (cipasa) ¢ npod.
X.®yccom (I'epmanusi) BO
BpeMsl IIKOJIbI 10 HEUTPOHHOM
¢puzuke (yona, 1982)

15



Jlureparypa mo ucropu HeuTpoOHOrpapuu

AKAJIEMHA HAYR CCCP
OT/IEJIEHHE AJEPHON @H3UKI

HENTPOH
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MOCKBA
M3JIATE/BCTBO «HAYKA»
1983

Fifty Years of Neutron Diffraction

The advent of neutron scattering

edited by

G E Bacon

Adam
Hilge
Adam Hilger, Bristol

Published with the assistance of the
International Union of Crystallography

Uctopust HeitTpoHorpaduu
H TeHeHIHH ee Pa3BUTHS

P.I1. O3epos Y®H 167 (1997) 541

HefiTpon 611 oTEpEIT J%. YeasukoM B 1932 1. 3TO OTKpLITHE
OKA3a710 OTPOMIIOE BIHAHNE HA BECh XOI PAa3BUTHSA UeTOBEUEC-
KOro oOuecTBa. B 4acTHOCTH, MCNOJL30BAHHE paccesiins
HeHTPOHOB Kak MeTOJa UccienoBanud, ocobenno B (dusuke
TBEPIOTO Teld, BO MHOTOM ONPEISIHI0 H3BECTHLIE YCHEXH
COBPEMEHHON HAVKH 1 TeXHUKH.

Beero aBa roma mocie Toro, kak Jlyu me bpoiian (1924 1))
Opea1oKuI GOPMYITy, CBA3LIBAIOLIYIO KOPIYCKYIAPHLIE Npel-
CTABIENHA O IBIKEHUH YAaCTHIL C BOTIOBLIMHE, OLLTH OCYILECT-
BIEHLI SKCTePUMEHTH N0 gudpaxnuu 3nexTponos (1927 r),
OOOTBEPAMBIINE 3TY HAeto. EcTecTBenno, mocie OTKPLITHA
HefiTpona CTamd MPOBOIUTLCA SKCEPUMENTEI, KOTOPLIE M0-
KHBI JEMONCT PHPOBATL CNPABEAINBOCTL KOPIYCKYISPHO-BOI-
HOBOTO Ayanu3Ma, na 37oil "maccusnoi” yactune. Cpasy Tpu
paboTel 6L1H onyoaukoBann B 1936 1. (T.e. mpuMepHo TpH-
YeTBLIPE TOIA COYCTA MOCTe OTKPLITHA HefiTpona). B neproii u3
Hux [l] TeopeTuyecku HccieqoBascd TPOLECC MPOXOKISHHA
HeHTPOHOB uepe3 MOJIHKPHCTATLIHYeCKHe 00pa3unl W oTMe-
yaaca 3(hQexT HeKoTOPOro YBeIHYeHHS MPOMYCKAHHSA OpU
JTTHIE BOJTHLI HefATponos Bosee IBYX HAaHOOILIIHX MeXII0C-

16




Monorpadguu o paccesHu0 HeuTpoHoB B Poccun

e e Th s neEmangEsy, |
e e
MegAeHHble |
DUINKA
HEMTPOHOB
HU3KITX
SHEPI'MM ‘
1965

HEATPOHDB!
U TBEPOOE TEMNO

HEATPOHbI
U TBEPOOE TENO
10.3.Hosuxk, P.T1. Osepos, K. Xeunur
CrpykTypHas
HeliTpoHOrpadpus

10. A.Uzomos, B.E. Hait, P. I1.0zepon

HejiTpoHorpadus
MarHeTHKOB

B (I) Typuun
1931 (CCCP) - 2010 (CIHIA)




HeuTponbl u TBepaoe Teao: Tom 1 (1979 1n)

10. 3. Ho3uk, P. I1. O3epoB, K. Xenur “CtpykrypHas HedTpoHorpadus”

OTJIABJIEHHE

Heifitponbsl M TBepjoe TeJIO 5
ITpepucioBue K 1-my Tomy 8

CHHCcoOK OCHOBHBIX 0o603Hauenuii 11

Tnasa 1. Ucrounmkum 1. Bpegenue 12

HeHTPOHOB TAKTOPbl CO CTALHOHAPHBIN
WMIyJabCHBIE peakTophl 23
Jlpyrue MMIYJIbCHBIE HCTOUHHKH 26

IF'nasa 2. PaccesHue OcHoBHBIE ToJOKeHHsT 30

. Paccessuue HeHTPOHOB siApaMH 32
Ynpyroe paccesiiie HEATPOHOB KPHCTaJJaMH 40
Kpucramiorpaduyeckune ACMPKTEL  DACCEIHWS

Heihpouon KpUCTaMJIaMH

DSV f Rl

HNEBP-30, 1977 roa

HeliTpoHoB 44 L

omH.ed.
bpbl, 9. T'eomerpHyeckHe aclekTh U F

CHB- rpajbHOH MHTEHCHBHOCTH O7 220
iupx  10. Meroxsl ckaumupoBanust o6pal
crBa 60
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JAudpakuus

(HEHUTPOHOB) CTpyKTYpHBIA

aAaHaJINn3

Kpucrasio-
rpagus

CrpykrypHast
HeUTpOHOrpadusa

OmnpenejeHde AaTOMHOH CTPYKTYpbl ¢ IOMOIIBIO
TU(PPAKIUN HEHTPOHOB (IKCIMEPUMEHTAJbHBIH METON)




Kpucramain:

“* BHYTPEHHAA NEPHOINYHOCTD
(mpancaayuonnas uHeapuaHmMHOCMb, 0AIbHUIL NOPAOOK)
< CAMMeTpus (ceomempuueckas, 6HympeHHA)

< AHU30TPONN MAKPOCKONHMYECKUX CBOICTB

®(R) =d(R + T), T =n;a+n,b+ n;C - sexrop rpancasmun

ATOMHAsi CTPYKTypa Ji1000ro TpexXMepHOro
KpHUCTA/JIa MOKeT ObITh IMpeacTaBjIeHa ¢
NoMoIbI0 0aHOi 13 230 MPOCTPAHCTBEHHBIX
(bexopoBcKkmX) rpymnm.

EBrpa¢g CrenanoBuu ®enopos, 1853 — 1919. Artur Moritz Schoenflies, 1853 — 1928,
Kpucramaorpag (Poccus). “Cummerpus Maremaruk (I'epmanus) “Kristallsysteme
npaBHJIbHBIX cucTeM puryp” (1890) Und Kiristallstruktur” (1891)




DJIEMEHTHI IPOCTPAHCTBEHHOM CUMMETPHUH KPUCTAJLJIOB

> TPAHCJIANNS (RapaiienbHovliit nepenoc) t

> HHBepCHUs 1

> TMOBOPOTHAasl och nmopsiaika N N (1,2,3,4,6)

> HHBEPCHOHHAs 0Ch mopsiaka N N(1,2,3,4,6)

> BUHTOBasf och nopsiaika N N.(1,2,,3,,3,,4.,4,,4,,6,,6,,...)
> OTpa’KeHne B IVIOCKOCTH m

> CKOJIb3si1Ilee OTPakKeHHe B MJIOCKOCTH a,b,cn,d

Bcero: 28 hnemenToB, 230 koMOMHALIMIT

< CHHTOHHMH (CHCTEeMBbI) (7) THII CUCTeMbI KOOPAUHAT

« pemieTku bpase (14) 3D pemeTku

< TOYEYHbIe TPYIIIbI £2) KPHCTAJINYEeCKHE MHOTOTPAHHUKH
< MPOCTP. IPyINbI (230) KpHUCTA/UIHYeCKHEe CTPYKTYPbI

< yepHO-0eJible Tpynnbl  (1651) MarHuTHBIE CTPYKTYPHI

ZI



IIyOHuKoOBCKUE (MJIHM YePHO-0ejible) rPynnbl CHMMETPUM
(H. Heesh, 1929, Illyounkos, 1945)

A.B. lllyonukoB
2 “CuMMeTpHsi 1 aHTUCUMMETPHUA
< KOHeYHbIX puryp” Mocksa,
2EolSHE

1 R = uHBepcusi uBera

A.B. lllyonnkoB
1887 — 1970, Poccus

H.B. besqioB, H.H.HeponoBa,
T.C.CmupHoOBa

R=1" “1651 mryOHUKOBCKAs
é 1! tl 2- 3| 4| 6. = prﬂlla” MOCKBa, 1955
g : ] ] 0 3 3 m H T.H.

TpaHcassMOHHBIE IPYIIIbI: 14 — 36
To4yeunble rpynmbi: 32 — 122 (32 + 90)
IIpocTpaHcTBEeHHbIE IPYNIIbI: 230 — 1651 (230 + 1421) H.B. Besos

1891 — 1982, Poccus
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Kpucra/jji: BHyTPpeHHsIsI NePUOAUYHOCTh, CAMMETPHSsI, AHU30TPOIUS

1. Kpwucranaa — BemecTBo ¢ BHyTpeHHel (3D) mepHoanIHOCTHIO.

2. DlleMeHTapHasi siyellKa - 4acTh CTPYKTYPbl KPHCTAIa, TPAHCJIAANUSIMH KOTOPOI
BOCIIPOM3BOAMTCS CTPYKTYpa Bcero kpucrajia. Ee BLIOOp HeoHO3HAYEH.

3.  Kpucramiuyeckas pemerka — BooOpakaeMblii 00beKT, 00pa30BaHHbIN BepIIMHAMHU
(y31aMH) f14eeK, 3aN0JHAIIIUX BCe MPOCTPAHCTBO KPUCTAJLIA.,

4, Yepe3 y3Jbl KPHUCTANIMYECKOH PpelIeTKH MOXKHO TMPOBECTH BOOOpakaeMble
IUIOCKOCTH (KpHUcTALIOrpaguyeckue).

5. ba3ucy cucreMbl KOOPAMHAT B KPHUCTAJNJIMYECKOM NPOCTPAHCTBE MOKHO
OTHO3HAYHO CONMOCTABUTH 0a3uc B 00paTHOM mpocTpaHcTBe, {a} < {b}.

6. IlpousBenenme T-H=m, rne T =nya, H= hjbj, N;, h;, M — mesaple yncia.
Bekrop H = h;b; nepnenauxynsipen miuockocru {h;} u d, = 1/|H,|.

8. TpaHCAAUMOHHOW MHBAPMAHTHOCTH CTPYKTYPbI KPHUCTAJLIA COBMECTHMA TOJBKO €
onpeaeJeHHbIMHA reOMeTPUYECKUMM IJIeMEeHTAMHU CUMMETPHUH.

9. B 3D npoctpanctBe cymectByeT 230 KOMOMHAIUI 3JIEMEHTOB CUMMETPHH.

10. TpaHcasIHUOHHBIE, TO4YeYHbIE M TNPOCTPAHCTBEHHbIE 3JJI€eMEHTbI CHMMETPUM

00J1a1a10T TPYNIIOBLIMH CBOWCTBAMM.
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Kpucrajiabl, 4T0 HOBOTO?

KBasukpucraibl.

- HEKpUCTAJLUIOTpadudeckasi JOKaJIbHAsE CAMMETPHS (0CH 5-T0 MOPSAKA),

- €CTh AJIbHUU OPUCHTANUOHHBIN MOPAIAOK,

* HCT JAJBHET0 TPAHCIAAIMUOHHOI'O IOPSIAKA.

P
e D
a8 N\

Linus Poling (1901 —

1994): “There is no

such thing as quasi-
crystals, only quasi-
scientists”

Daniel Shechtman (Israel)
HooOeneBckast npemus nmo xumuu 2011 r.

“for the discovery of quasicrystals” (Al;Mn in 1984)
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Jdundpakuus (“Op3rropckasi’”) M3Jy4eHHsA HA KPUCTAJLIE:

ynpyzoe paccesanue npu blnoJIHeHuu (no Kpaiinei mepe) 08yX yCa08uUil:

+ PACCCAHHbBIC BOJIHbI KOI'CPCHTHbDbI

» pacceHBaKIIUe HEeHTPhI PACHOJI0KEHbI IEPHOTUIHO

Bo3HnkaeT NnuK000pa3Hoe pacnpenejeHue MHHTEHCUBHOCTH — TG paKIMOHHAS

kapTuHa. Ee KOHTpacT 3aBHCHUT OT CTENEH! BbINOJHEHUS ITUX YCJIOBUI !

HpOCTpaHCTBeHHaH KOI€ep€HTHOCTDb — COIVIACOBAHHOCTDH BOJIH, 3aAK/ITIOYAI0IIIASACH

B TOM, 4YTO Pa3HOCTb (1)213 n COOTHOIICHHUEC aMILIMTyd H3MCHAIOTCH

3aKOHOMEPHBIM 00pPa30M B Pa3HbIX TOYKAX BOJTHOBOM IMOBEPXHOCTH.
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JIn(ppakuuss HEMTPOHOB — NMPOLECC KBAHTOBbI!

HellTpOH — KBAHTOBO-MEXaHUYECKAA YaCTULIA.

B  cooTBeTcTBHM ¢  KOPHYCKYJSAPHO-BOJHOBBIM
ayaau3mMom (me Bpoiiab, 1923 r) y HeiliTpoHa ecTh
Macca, UMNYJIbC, IJIMHA BOJHBI.

JIJIs1 ¢cBOOOTHOTO HEVMTPOHA
¥(x) ~ exp (ikx), p = fik, k — BotHOBOI BEekTOD, Louis de Broglie

= 15.08.1892, France
k = 2n/A, A - niuHa BoOJHBI e bporis 19.03.1987, France

Pemenye 3aa4M 0 paccesiHMM TpeOveT peleHus

vypaBHeHnusd lllpeaxunrepa:

_(h22mM)AY(r, 1) + V(r)¥(r, t) = ihd¥(r, t)/ot

JpsuH lpexunrep

WK -(h2/2m)AY(r) + V(r)¥(r) = E¥(r) éi-gi-iggz’ iﬁg:gﬁ:

V(r) = 2rh?(b;/M;)-5(r - r;) — (iceB0)noTenuuan Gepmu |
o(x¥)=(2n)3/V 2-|[F(H)[2-6(kx-2nH) — nuddepenumansaoe Enrico Fermi
B=(2n) . EH)1=0 ) bepep 29.09.1901, Uraus
CEYCHHE paccesHus, D — KorepeHTHasi AJIMHA paccesiHUs 28.11.1954, CIIA
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PaccesiHue M3JIyUYeHUS HA NEPUOAUIECKOU CTPYKTYpeE

J_I.]'IH KpHUCTAJLJIA, COCTOALIECI0 U3 OAMHAKOBBIX 3JICMCHTAPHBIX SAYECK.

f~ X exp(ikR,,)-2 b(r))-exp(ixr)
T P

Cymma no Aﬂ,qeifmaM CyMMa\;m aroMaM B siYeiKe
> exp(ikR ) — 8(x - 2nH,) F(x) =2_h(r,)-exp(ixr,)
m J
O-(pynkmus Jlupaka HE 3aBHCHT OT R
NHTEHCUBHOCTDH B IeTeKTOpe
f(x) ~F(x) - o(k - 2nH
(x) ~ F(x) - 3(x - 27H) )~ 1T

H,, — Bextop o6parnoii pemierku kpucramia, R .-H, = N — nenoe uucino!

k=K,-Kk, =2nH — 2d-sin6 =\ — ypasnenue Bynbda - Bparra



Ceuenue paccestHUS JJIM MOJUKPUCTAILIIA

o(k) = (2n)3/V |F(H)[>8(k-2nH) — muddepernmansroe

CEUECHUE PACCESHUS OAHOU IEMEHTAPHOU AYEMKOW MOHOKPUCTAJLIIA

JI71st Iepexozia K CEUEHHIO PacCesHUs MOJUKPHUCTAIIIOM HAO: W.H. I'ypesuu
1. VYcpeauuts 10 BCeM HaIpaBlIeHUAM BEKTOPA K.
2. BBINONHUTE UHTErPUPOBAHKE 110 TEIECHOMY YIUIY.

H max

6(K) = (MV)- D, Jniar[F(H)[2-5(nH - sine)

H min

o5 IIpocyMMHPOBATE PE3YyILTAT IO BCEM BO3MOXKHBIM at

Gcoh ~ (KOZ/VC)-Z Jrwar'IFrial® (1 Hp)

100

80

Transmission, %

20

0

H min

60

40

poly-Diamond
T=293K

0

T T T
2 4 6

Wavelength, A

IIponyckanue puiabTpa U3
HCKYCCTBEHHBIX aJIMa30B

1912 — 1992

Illllll lllIlllIlllIllIIl
HRFD, NAC
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: 1“1
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d A
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ITocTpoenue IBajbaa

f~F-0(k—2nH)

t |x=k,—k;=2nH

k,/2n

H =h,b, + h,b, + h;b; —

BEKTOP B 00paTHOM pelIeTKe

K,/2m

Paul Peter Ewald
Coepa oTpazkenns 23.01.1888, Germany
22.08.1985, USA
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IlocTpoenue IBaabaa auas 20 = const = 20,
(ckaHMpoBaHHE BI0Jb BeKTOpa H)

CkaHupoBaHUe BIOJIb HANPaBJIEHUsI
(100) na TOF-gudgpaxtomerpe. Ilpn
(¢uKCHPOBAaHHOM yIJjie paccesinus 20,
OyIyT perucTpupoBaTbCs TOPSIAKA
orpaxkenusn (100), (200) u T.x.

Normalized intensity

LI I B R LI B R IR B B LN B B B B L
1305-k1

14 LazCuO4

[0kO]
8 12 16

10

,Jr. . JMWJM‘JMO

T LI L L I L L L L B LI R
6 8 10 12 14 16 18 20
k

Monokpucrana La,CuO,, nanpasienue
[0kO], TOF-mu¢pakTomerp. Bugnsl
NOPSIIKA OTpaskeHuss ot 6-ro mo 20-ro.
HeuyeTHble MOPS/IKH 3anpelieHbl.
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Intensity

JAndpakumoHHbIe CIEKTPHI OT MOJUKPUCTAILIA,

x-mkaaa: 20 ( ), d (A), Q (A1)

IlllllIlllllllllllllIlllllllll[lllllllllIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIlllllllllllllllllllllllllllllllllll
nac-hrpt-d

21
HRPT
NAC, A=1.886 A

HRPT
NAC, A=1.886 A

Intensity

' u“ I . /.\. .A- ol e ;;UMW ;_,J“i‘ L_Mﬂm LY

I T I T T T I T T T ] T T T ] T T T ] T T T I T T T I T T T I T
1 2 3 4 5 6 & 8 20 40 60 80 100 120 140 160
d, A 29, grad.

Hudppaxuuonnsiii cnektp Na,Al,Ca,F,,, usmepennsiii na nudgpaxkromerpe HRPT (SINQ, PSI)
npu A, = 1.886 A. HUnrepsan yrios paccesinusi: (10 — 165)°, munrepsan no d,: (0.95 -10.8) A.
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I/IHTeraJII)HaH HHTCHCUBHOCTD IIHNKA

(k) = J R(kx'-x) o(k')dk’ - npoduns gudpaxmmonsoro muka

I/IHTGFDaJ'II)HaSI HMHTCHCHUBHOCTDH IIHKA.

I = [ 1(k)dk ~ ] o(k')dK’  ser saBucumocT ot R(k)!
Iint = (I)'O\,O)-LB-|F(H)|2, Ao-mudpaxromerp, Ly = ko3/23in290
Iint = @(X)-Lk-|F(H)|2, TOF-nudpakromerp, L, = k04/25in602

L,= (MtgO)L,, dA/A = dO/tgd

®(\) — WIOTHOCTH HEUTPOHHOTO ITOTOKA,
®'(A) = ®(A)-AL — IOTOK B MHTEpBAJIC IJTUH BOJIH AN,
D (1) = 2@ (1 */1)-exp(-Ay/L)>— pactipenenieHre MakcBeia

[@,] = [®'())] = nlem?/s, [®())] = nflcm?/s/A = n/em?/s, [1] = n/s
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HelTpOHHbIC HCTOYHUKHU JIJIS UCCJICIOBAHUHU
KOHJIECHCUPOBAHHBIX Cpejl

|. HempepeIBHOIO qeiicTBHSA |l. UMny/ibCHBIE TEPHOIHYECKHE
W =10 — 100 MW / \
Const in time
VVR-M. Russia Il-a. SPS I1-b. LPS
ILL, France
LLB. France W=0.01-1MW W=2-5MW
’ Pulsed in time Pulsed in time

BENSC, Germany

FRM I1, Germany Aty = (15 - 100) ps Aty = (300 —2000) ps

NIST, USA ; :

ORNL, USA ISIS, UK IBR-2, Russia
LANSCE, USA ESS, Sweden

SINQ, Switzerland SNS, USA

PIK, Russia J-SNS, Japan

Bcero 234 peakTopa
(6a3a nannbix MATATD) 34



CrauuMoHapHBINA UCCJIEA0BATEILCKUN PeaKkTop

Kommuieke FRM-I11, (MionxeHn, :
I'epmanus) BKJIIO4aeT 2 peakropa
H 3KCIIepUMEHTAIbHbIE 3aJIblI.

—~—c. = T

A g t\\?‘m’&_‘

NSl aias
Lyt r.. 3

Geacdo tall 2 0LL 22)

Cold
neutrons

o | @m

Cold neutrons CxemMa KOMILIEKCA
HEHTPOHHBIX CIIEKTPOMETPOB

BOKPYT peaktopa ILL
(I'penoouanb, ®panmusi).

Guigo ral 1 OLL 7}

Kommuieke BRiIouaer
CIIEKTPOMETPbI HA ropsiyeM,
TENJIOBOM U XOJIOXHBIX
HCTOYHHMKAX HETPOHOB.

Thermal

— L1, btramarty [ o in - cperstioral
— Jottly Ladid Psiruments | open ; commissoang or
— CRG imstroments | Lnde comiruction =3 Largescale wnictire yop

G aad aehe oition E Time of Tigheig resoiution group
- Hot retrem ) Nucthar s paTem plhyacs geosp
e Thermral newnrons [0 Test and ocher besen posiions




A = const, nudpaxkromerp D20, ILL (I'peHo0aB)

4 monochromators,
5 take-off angles,
Soller collimators

el ~
)il =
-

Soller Collimators
Monochromators

|

-] =

: ‘ : ' ‘M
| - L
o T
o | ENEN

Variable bending double-
focusing Si-monochromator




IIupoxkoaneprypusbiii ITY/ aias A = const nugpaxkromerpa

DRACULA at ILL, France

50 100
2*Theta

150

A = const diffractometer
Linear-wire, 3He PSD, Q= 1 sr Yuactku kosten [edas - Illepepa




Detector for super-D2B (Alan Hewat, 2003)

128 x 300 mm high resistive wire detectors, high resolution collimators
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1.2x10 * /2mn/o.1p | Na2Ca3Al2F14
chiz= 4.06
1.37 &, 2 min
1.0 -
w 0.8 —
©
{m1]
£
£ 0.6 -
o
]

High-intensity and high-resolution diffraction
with A = const diffractometer. Rietveld refinement.

10 0 30 40 50 &0 70 80 an 100 110 120 130 140 150b
2theta

Diffraction pattern obtained in 2 minutes on D20 (ILL) in high-resolution mode.
NAC-standard refined by the Rietveld method, Hansen et al. 2003.
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YTouHeHHE CTPYKTYPhI MOJUKPHCTAJLIOB.
Metoa PutBeanaa (H. Rietveld)

1) ~ D&)Ay IF 4, od, )

— IpoPuUuJIb A1 AKINUOHHOI'0O CIICKTpPa )
po bp £ Hugo Rietveld

7 March 1932
The Netherlands
Petten

X2~ 2, (J; - 1.)2 = min

— (pyHKUIMOHAJ JAJI51 MUHUMH3AIUHU

IlapamMmeTpbl 411 MUHUMHA3ALNH .

a, b, c, a, B, Yy — mapaMeTpbl 3JIeMEHTAPHOI STYeHKH
N; - GaKTOp 3aCEJEHHOCTH j-T0 aTOMA

X, Yj» Zj — KOOPAMHATHI |-T0 aTOMa

B; — TensioBoit pakTop J-ro aroma

j
IKCIIEPUMEHTANbHbIC (KOHCTAHTBI, (DOH,...)

King Carl Gustaf of Sweden, in Stockholm,
31 March 1995 awarded Dr. Rietveld with
the Aminoff prize 40



11 IUCr Congress, August 1978, Warsaw, Poland
(Satellite meeting in Krakow)

Participants of the Satellite meeting

G.E. Bacon J. Leciejewicz

1966 1UCr Congress in Moscow — a first report on the method
1967 A short note “Line profiles of neutron-diffraction peaks”

1969 A full paper “A profile refinement method for nuclear
and magnetic structures”

1972 A satellite meeting in Krakow devoted especially to
powder diffraction, where in was suggested by Ray Young
that the method, generally known as “full pattern
decomposition” should in future be called “Rietveld
refinement”.
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HeliTpoHHBbIE HCTOYHUKM . YTO HOBOIO?
IHosiBjIeHMEe UMITYJIbLCHBIX HCTOYHUKOB 3-T0 moKoJeHnus (W > 1 MW)

l. JINR, Dubna, Russia, IBR-1 (1961 - 1980, 1 — 15 kW)  closed
long pulse
Il.  Tsukuba, Japan, KENS, (1980, 4 kW) closed
short pulse
I11.  ANL Argonne, USA, IPNS (1981, 7 kW) closed
short pulse
IV. JINR, Dubna, Russia, IBR-2 (1984, 2000 kW) operational
long pulse
V. RAL, UK, ISIS (1985, 200 kW) operational
short pulse
VI. Los Alamos, USA, MLNSC (1985, 50 kW) operational
short pulse
VII. Oak Ridge, USA, SNS (2008, 1200 kW) operational
short pulse
VIII. Tokai, Japan, J-SNS (2008, 1000 kW) operational
short pulse
IX. Beijing, China, Ch-SNS (2017, 200 kW) under construction
short pulse
X.  Lund, ESS (2020, 5000 kW) under construction
long pulse
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R.M. BRUGGER
Physics Today (1968)

10" 4

NEUTRON FLUX

sM-2
SM-2 R LI

NRX

IN-06

-2 —8
AN ':,"“_ SIS .
HFBR@ ORPHEE @& IPNS-1 SINQ W ®
MTR IVV-2M R-8 FRM-2
o 1BR-30 R$ @
VVR-M 0
KENS

g :; IBR-1
% ; :/.I\(}-I’
é mm il .
1. Ham HQOﬁXO]_]I/IMO 0o0JbIIIee ; @ STEADY STATE REACTORS
: B PULSING REACTORS
YUCJI0 UHTCHCUBHDBLIX el ® SPALLATION SOURCES
HGﬁTpOHHLIX quKOB! 1930 1940 1950 1960 1970 1980 1990 2000 2010
YEAR
2. BbICcOKONIOTOYHEIE UMIIYJIbCHbIC
HCTOYHUKH MOCTCIICHHO 3AMCHAT
HccjieIoBaTe/ibCKue siiepHbie \\ 1. 1BR-2, JINR, Russia, 1984
peaKTopsl. 2. SN, Oak Ridge, USA, 2008
3. TS-11, ISIS, UK, 2010
Bropoe yrBep:kaeHne B CTAAUU peajn3anmnm! 4. J-SNS, Japan, 2013
5. ESS, Europe, 2020 ?

43



TOF-meTon, uTO, 1€, KOrna?

1954

1956

1963

1963

1967

1968

1977

1984

1984

1994

P. Egelstaff
R.D. Lowde

B. Buras

AyOHa

J. Carpenter & A. Holas “Focusing of the TOF-diffractometer”

R.M. Brugger “We need more intense thermal-neutron beams”

ZING-P’

NBP-2

Mini-SFINKS TIlepeorii RTOF-gudpakromerp, IUAD, N'aTunna

HRFD

HUnes TOF-nudpakuun Heiitponon, lUCr Congress
Teopernueckoe odoocnoBanue, Acta. Cryst. 9 (1956) 151
IepBbie 3kcniepumenTsl B CBepke (Iloabina)

ITepBbie 3xcnepumentbl Ha UBP-1 (Buras, Huru, Sosnowska)

d.J1.1l1anupo
Iepsnoiii spallation source, Argonne (USA)
1980 — KENS, 1981 — IPNS, 1985 - ISIS, 1985 - MLNSC

IlepBblit UMITYJILCHBINA HCTOYHHUK 3-T0 MOKOJCHUS

J. Carpenter

IepBbiii RTOF-gudpakromerp Ha uMnyJabcHoM ucTouHnke UBP-2
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From G.E. Bacon “50 years of neutron diffraction”

YRR

m A meet

ing on neutron diffraction at Harwell 1968.

Among: Andresen, Bacon, Caglioti, Cooper, Coppens, Day,
Pawley, Schoenborn, Sikka, Turberfield (64 persons)

4.5 A Dialogue from the Soviet Union

R P Ozerovi and A Yu Rumyantsevi

PMendeleev Institute of Chemical Technology,
Moscow, USSR

#Kurchatov Institute of Atomic Energy,
Moscow, USSR

When the editor invited me (RPO) to participate in preparing this collec-
tion of papers, I thought it would be worthwhile to outline the history of
our research in the USSR in the form of a discussion between two persons.
One of them is a specialist who has been at the foundations of the work and
has worked with neutrons for many years. The other person is a relatively
young man who, nevertheless, is deeply involved in these studies. I have
chosen A Yu Rumyantsev from the Kurchatov Institute of Atomic Energy
(IAE) to be the second person. Below follows the text of our conversation,
which meets well-enough the objectives set by the editor.

AR Itis well known that neutron diffraction in the USSR (where we also
call it neutronography) began from your reviews, where you gave the
main principles of the use of neutron diffraction in crystal-structure

222 3n AI

Channel number ——

1963: The very first TOF diffraction

pattern measured at Swierk (Poland)
with a Fermi chopper over 40 hours.

B. Buras

8.1 The Time-of-flight Diffraction
Method—Reminiscences

B Buras

Risp National Laboratory, Denmark

As said above, in our experiments at the Swie }eaclor, the statistics
were poor. We needed higher intensity, although the losses in working
only with short bursts of the main beam were partly compensated by
recording a number of reflections simultaneously. In order to improve the
statistics we took advantage of the fixed scattering angle and built a
detector intercepting a large fraction of the diffraction cone. Nevertheless
it was clear from the very beginning that steady state reactors—
particularly those with a low or medium flux—are not the optimum
sources for time-of-flight diffractometry. An inherent pulsed source
would be ideal. Such a source existed within our reach—it was the
nuclear pulsed reactor at the Joint Institute of Nuclear Research at Dubna,
USSR. So, we went there. The reactor worked beautifully at an average
power of 1 kW (it was increased later to 30 kW) with 5 pulses s™' each
about 100 us long. The flux in the peak was not much higher than from our
reactor at home, however we could use an order of magnitude longer flight

th aod ] o el Thi Led in o batt 1 sk
)

=
exposure times. However, Dubna at that time was not really prepared to
host visiting scientists. Nowadays, a visiting scientist usually finds in a host
laboratory technical help and a professionally built spectrometer. He also
stays in a decent hotel or hostel. In the carly 1960s at Dubna almost
everything was supposed to be built from scratch: the technical help.
especially for high precision items, was meagre and slow. The present
comfortable Hotel Dubna did not exist and we had to stay in a kind of
hostel in the Joliot—Curie street, two in a small room with iron beds and
straw mattresses. In‘the tiny corridor was a sink with cold water. But, we
had a stove which always heated the room more than adequately, a very
important factor in Russian winters

Despite these uninspiring conditions, and with the help of our Russian
colleagues, we were able to build a primitive Tor spectrometer and take
measurements. Their quality was much better than those obtained at
Swierk. We presented them at the third *Atoms for Peace’ Conference in
Geneva (1964), as a supporting argument for the need of intense neutron
cnnrcec (Rurac ot al 106321




HMnyJabcHbI HeliTpoHHBII HeTouHuk (Spallation source)

&« f Spallation — peakuusi <> peaknusi HCapeHus
\ | HEUTPOHBI
Pt . ISIS
/_r‘ ____:r. HRPD
NPOTOH m\. \

MuileHpb U3 TAXKEJI0T0 MeTaJ1J1a
U CIIEKTPOMETPbI BOKPYT

MEP Teat Doam

JInHeiHbIi yCKOPUTEIb IPOTOHOB




JAvudpakuus HA CTAMOHAPHOM PEAKTOpPe U UMITYJIHLCHOM MCTOYHHKE

"White'" (Maxwellian)
distribution

James Clerk Maxwell

MoOHOXPOMATHYECKHUH NMYYOK:
r=const=1.4 A, AMA=O0.01
W = (10 - 100) MW = const

CxaHupoBaHue 10 YIJIy paccestHusl

B IIMPOKOM HHTEpBaJe

(Ay-muppaxTomeTp).

1831 - 1879
Scotland (UK)

“beablil” MY4Y0K:
A <ASA ., AAX5-154
W =(0.01 -2) MW, ummyabchl

CxaHupoBaHHe 10 BPeMEHH NPoJieTa

(TOF), Bo3mo:kHa pUKCHPOBAHHAS

reomerpus (TOF-qudgpakTomerp).




Fast neutron
pulse

Maxwellian
distribution

Heiitponnslii TOF-gudgpaxkromerp

Fast neutron
pulse

Maxwellian
distribution

NMnyJaLChI:
AT = (20 - 400) ps
T =(10-200) ms

M<AZD,
2dsin®, = A

23,750

* He-petekTopsl
AN

N

3amvegnurenb

3epkanbHbin
HEeWT pOHOBOL,

Nno3nunoH HO-quCTBMTeﬂbeIVI

OpHOKOOPAMHATHBIN

ETEKTO
A P "oHMOmETP

=

E

e 1=

Hakonnenue n
obpaboTka

nHchopmaumm

|

\

MexaHnyeckas

nnardopma
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Diffraction pattern (NAC = Na,Al,Ca;F,,) measured at TOF
and A = const diffractometers: raw data

LELELE LI L AL T

llllll |||I|||I|||I|||Il||||||||||||||I|||'||(|)0L|
nac-6000h
HRFD, NAC
2
w2
g
Q
+
=
- |
P st gt - 1N
il i s
2.0 22 24 2.6 2.8 3.0 32 34
J d A
1“1 J jl A
|||I|||I|||I|||I|llI_rlllllll‘r‘]"fllllllllr]lTlllllIlll'll1

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0d’222 24 2.6 2.8 3.0 32 3.4
Hudpaxkunonnsiii cnexktp Na,Al,CasF,,,
u3mepenHblii Ha HRFD npu 20, = 152°.
NuTepBan pjauH Bosn: 1.2 - 7.2 A,
unTepsai d.,: 0.7 — 3.7 A.

3.6

/ Intens/y

HRPT
NAC, A=1.886 A

\

\. MJLMULLNMM ._uaJ_llLﬂJLuLWM

LN LN LU B L B NN S BN AL BN B L B [
20 40 60 8 100 120 140 160
29, grad.
HNudpakunonusiii cnexktp Na,Al,CasF,,,
u3Mepennblii Ha HRPT npu A, = 1.886 A.
HNurepBan yriioB paccesnus: 10 — 165°,

untepsai d.,: 1.0 - 10.8 A,
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Diffraction pattern (NAC = Na,Al,Ca;F,,) measured at TOF
and A = const diffractometers: normalized data in d-scale

HRFD, NAC i HRPT, NAC -
‘\ 2~1.886 A
2
.é‘ \\_
£ 2 T
3 B
i g
< L
E — N
1 UJDQ N
| 110 o o 2!0 o o 3{0 | " 1.0 | | 2.0 - 3{0 -
d A d A
TOF diffractometer HRFD: 20,= 152°, Ao diffractometer HRPT: A, = 1.886 A,
wavelength range = 1.2 — 7.2 A. range of scattering angles = 10 - 165°.

o




High-resolution neutron powder diffraction: (Ad/d),, < 0.002

D

/

Continuous Sources

Short Pulse Sources

Long Pulse Sources

W=10-100 MW
Aty = o0

A = const
diffractometer
20, =120
o, = a,~10'

D2B (ILL), 0.0005
HRPT (PSI), 0.0009

W=0.1-15MW
At, = (15 — 30)-k ps

HEeS
diffractometer
L>60m
20 = 160

W=2-5MW

At, = (300 — 1500) ps

TOF-chopper
(Fourier / Fermi)
diffractometer
L=20-200m
20 = 160

HRPD (RAL), 0.0005
PG3(SNS),  0.001

HRFD (FLNP), 0.0005
HRPD (ESS), 0.0003
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Pa3pemenue HeliTponHoro augpaxkromerpa A = Const

R(20) = f(a,, ny, 20, 0., 20, o)

[etexTop

HRPT
0.010 =
. ZOM \-'...'._\\ HI-120°.1.886 A 40'40".8 mm
X8 ot toa g LTSI i
o, ' 0.008 ‘(l ".\ \ --------- HR:120° 1886 A 12'24'5 mm
' E‘\ \ --------- HR:90°,1.540 A.12.24',5 mm
i HR:120°.1.886 A.6.12'8 mm  mmeesggesfiiismimn)
0.006
Peaktop MoHoxpomaTop =
=i
“® 0.004
0.002
A20 = (U-tg20 + V-tg0 + W)¥2
20,2 282 + a.2R2)/t02 24 g2+ 4g2y [0000- — 07t —"——rr—"——t——r!——>"——t—
U = 4(a,%0,° + a,°B* + 0,°B2) /1970, (0, + % + 4P°) 0O 20 40 60 80 100 120 140 160

V = - day> (0% + 2B%)/tg0y (0 ® + ay? + 4p2)
W = [(112(122 + (112(132 at (122(132 + 4[52(“22 + (132)]

[(0,% + 0* + 4p?)

G.Cagliotti, A.Paoletti, F.P.Ricci, 1958
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D2B - High-resolution two-axis diffractometer

Munmhmgator Caollimator Reactor
[} 0=20 _
] K (‘/ L

1350 a =5

A AL

. -

Collimator - \O Sample
o =5
20

Multidetector

D2B - ILL & Allan Hewat, 1984

Monochromator 28 Ge[115] crystals of 1 x 5x 1 cm?

take-off-angle 135 SUCLEAR INSTRUNENTS AND METHODS 137 (1575) 361-370; © NORTHHOLLAND PUBLISHING Co
wavelengths A /A 1.594 (optimum ) TN POt S ATI

flux at sample 108 (HR), 107 (HI) modes

beam size at sample 2 x5 cm?

Received 14 April 1975

Detector 128 3He counting tubes




Resolution

Pa3zpemenune TOF-qgudpakromerpa

R(t,0) = Ad/d = [(At,/t)2 + (AB/tgB)? + (AL/L)2]Y2

t~Lsin, R=0 if A= 0andL= o

and A0=00r0= n/2

0.002 J 018 Resol_NAC-6000
At, = Const =15 ps .
| 4 L=21m 0.16 -
0.0015 LY
1 E Aty = (201) us - HRFD, NAC
L=100 m Bk Vmax = 6000 rpm
1 <O
0.001 ~
| 3
0.12
0.0005 - R, = AB/tg = 0.0007
) geometrical contr. 0.10 7
0 P e 08 +——T——— T T
0.5 1 1.5 2. 23 3 3.5 4 45 5 1 2 ™ 3 4



HRPD: High Resolution Powder Diffractometer at I1SIS

100 K
CH, moderator

,/ 100 m *8Ni guide

Low angle
detectors (30 )

Disk choppers Backscattering
at6 & 9m detectors (168 )

90 detectors

Detector details Backscattering 90_ Low angle
Specification ZnS scintillator ZnS scintillator 3He tubes
Geometry 60 rings, 4147 cm?  Slabs, 2400 cm? 72 tubes, 1800 cm?
Scattering angles 160 - 176 87 -93 28 -32

Solid angle, sr 0.41 0.08 0.01

Resolution, Ad/d 510 2103 2:107

d-spacing range 0.6-4.6 A 0.8-6.6 A 22-165A




dokycupoBka nmo Bpemenu 15 1 OF-nudpaxkromerpa

3amenymnrennb )
“ t ~ LA~ L-sin® = Const
| Ecam dL/L + dO/tgd =0,

Tto t=Const

IIpu MaJIbIX JIUHEHHBIX pa3Mepax
3aMeJIUTe/I U IeTeKTopAa:

2(L1/L)’tgaltgeo - 1
2(L2/L)’tga2tgeo - 1

J. M. Carpenter “Extended detectors
(I)OKYCI/IpOBKa 3AMECAJINTEIA H JC€TCKTOpa B BHAC in neutron TOF diffraction
miaactuH. IloBepxHOCTH 3aMelJIUTEIs M JI€TEKTOpa experiments” N1M 47 (1967) 179
HAKJIOHEHbI HA YIVIbI 0; M O, 10 OTHOIIECHUIO K CPeIHUM
HanpaBJieHUsIM IEPBUYHOI0 M PACCESTHHOI0 IYYKOB A. Holas et al. “Focusing of the TOF
HEHTPOHOB. diffractometer for structure analysis”
E14-3759, JINR, Dubna, 1968




FSD detector system:
combined geometrical and
electronic focusing

RTOF spectra focusing
ki = L;-sin(0;) / L,-sin(6,),
where L is flight path,

0 is scattering angle for i-th and

base detectors, correspondingly.

Intensity

2x10°

Intensity

1x10°

— '
=
£ S

JML

Vil }nrhvth‘ \
i 1 N T

Rpovsy L)

J.

o

T
500

1000 1500
TOF Channels

6x10° -

5x10° -

4x10° -

3x10°

2x10° -

1x10°

1640 |

500

T
1000
TOF channels




TOF high-resolution diffractometer at LPS or CNS type source

1ox10M -

Neutron pulse after fast 6.0x10'

chopper At, = (6 — 115) ps \‘?}N\

o fsistriA]

]
% 4.0%1013 *
Fermi chopper 3 D
with 2 slit g 20x10" N
packages =2
1{;00 15IEJ[J 2{;00
Time [us]
21.79m
6 Disc ‘
choppers
. M t(25T i
Ad/d = 0.001 for back scattering anet(z1) EXED instrument at

BER I
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LPS nam CNS ncToOYHHKH: HY:KeH OBICTPBIM NMpepPhIBATEIb

6(t) — ceuenne paccessnus neiirponos kpucramaom (t ~ d = 1/H ~ 1/Q)
R(t, ®) - pyuxuns nponyckanns npepriBaTe/isi MpH 4acTOTE BPALIEHHST

(o, t) ~] 6(7)'R[(T - 1), ®] dt — HHTEHCHBHOCTH B I€TEKTOpE
R(t, o] ~ o(t), 1(t) ~ o(t) TOF metox
R(t, ®) ~ nepuomuueckas pynxuns, 1(®) ~ | 6(1)-sin(wt) dr dypse-meron
R(t, ®] ~ cayuaiinas pynxcuus, CTATHCTHYECKHI MeTO]

ecn JR(t—t)R(t —1)dt ~ &(t— 1) — aBTOKOppeNsIUUOnHAs DYHKIMS




HeuTpoHHass KOppPEJSILUOHHAA TUPPAKTOMETPUA

Steady State Reactor

— s =

TOF conventional

/

TOF correlation

=

Fermi chopper

Fourier chopper

Statistical chopper




10.

1968

1975

1975

1984

1984

1988

1992

2002

2003

2014

KoppeasinmoHHubie 1MPPaKTOMETPbI

pseudo- random
Fourier

RTOF Fourier
RTOF Fourier
pseudo-random
RTOF Fourier
RTOF Fourier
RTOF Fourier
pseudo-random

pseudo-random

FR-2, Karlsruhe
BNL, USA
Espoo, Finland
M-SFINKS, PNPI
KORA, IBR-2
ESSEGKSS
HRFD, IBR-2
FSD, IBR-2
POLDI, PSI

Corelli, SNS

closed
closed
closed
closed
closed
closed
operational
operational
operational

under construction




scattering angle 20 (degree)

scattering angle 2@ (degree)

104 &4

80

Pseudo-random chopper at a continuous neutron source

(POLDI, PSI, SINQ)

16000 —
14000 |
12000 -

10000

T

8000

6000

A4
counts

4000

2000

Ge-powder

correlation result

750

time{ Raw data analyzed with the correlation method

Q=2n/d (A

A\
counts

[ IGe-po;Nder |

fit result

It of a fit to the raw data

m | Res

time (usec)

c




Fast Fourier chopper technigue
for high-resolution neutron diffraction

Step 1 (1968)

J.F.Colwel, P.H.Miller, and W.L.Whittemore “A New
High-Efficiency Time-of-Flight System” IAEA, Vienna, 1968.

Step 2 (1971)

A.C.Nunes, R.Nathans, B.P.Schoenborn (BNL, USA) “Neutron Fourier Chopper for Single
Crystal Reflectivity Measurements” Acta Cryst. A27 (1971) 284.

Step 3 (1972)

P.Hiismaki (VTT, Finland) “Inverse Time-of-Flight Method” Neutron Inelastic Scattering,
IAEA, Grenoble, 1972, p. 803.

Steps 4 — 7: First high-resolution Fourier diffractometers:

mini-SFINKS (PNPI, Russia, 1985), steady-state reactor, Ad/d = 0.002
FSS (GKSS, Germany, 1994), steady-state reactor, Ad/d = 0.004
HRFD (JINR, Russia, 1994), pulsed reactor, Ad/d < 0.0009

FSD (JINR, Russia, 2002), pulsed reactor, Ad/d <0.002

B.A.Tpynos, 1934 - 2012




Experimental set-up: HRFD instrument at the IBR-2

IBR-2

8,481

-

Moderator
Background Chopper

IBR-2, TOF
W = 350 ps
R=0.01

IBR-2,

RTOF

W =15 ps

J l R =0.001
EELN NI y T y LA M
-300  -200  -100 0 100 200 300

t, us

Fouriel

20,000

VME control and operative
visualization/analysis g

18,400

T T I T T l T T I T T

Y123
High resolution
0.1%

L1 1D TENE TR R R 1IN I A A I I |

| |l I I T I 1 1 I T 1

Y123
Medium resolution
1%

L R N A I A
T

Ll

0.7 1.0 1.3 1.6
d A

|
1.9




Elapsed time / Total time: 0 %

Simulation: RTOF data acquisition
Current chopper speed is O rpm or O % of max. speed 1760 rpm —
Current chopper speed is 0 rpm or
0 % of max. speed 1760 rpm
; 3 ; st

d A

158 199 2 20



High Resolution Fourier Diffractometer (HRFD)




1D mo3unmonnsin aerexkrop Ha HRFD

lllIIIlllIlllIIIlllllllllllllllllllllll

c2s-psd
ClGSB -
PSD

H_TOF,X1-X2_User_TOF_dsp_run_12 |

Position at detector

PpEs (-
S

llIIIlllIlllIIIlllllllllllllllllllllll

co b b L e b e
100 200 300 400 500 600 700

TOF channel 2 3 4 5 6 7 8 9 10
d A

O

2005-11-01 17:47:27

2D nu¢pakumoHHbBIi CIIEKTP, H3MePEeHHBIH C165g: Sp.gr. P2,,

Ha TOF-mu¢ppaxromerpe ¢ 1D Y. a=11.15 A, b=16.56 A, c=3.91 A,
d.=35A,d .~11 A npun 20=30 . 0=94.18

min max™




Normalized neutron intensity

Crystal Structure of Lithium
Beryllium Deuteride

Li,BeD,
HRFD

.
'+
B RS R

L LI LRI TUT A LT T B {1 B

‘MP! .“R '!a.‘Hr sk oditlin, “”“N hu,‘ JF i ”'\.&‘ qh“

Li2BeD4-r
T

T T T T T T T T T T T T T

1.2 1.6 2.0 24

2.8

Low-temperature structural
anomalies in Pr:Sr,sCo0O,

A section of diffraction
patterns measured in
15 to 573 K range

1.92

1.918 -

o
<Co-O> distance in §

CoO, octahedra for § .su

the orthorhombic 7

and triclinic phases 12+

1.916 -

=
ST3K, R /\/%

290K, 0 +R
A _200K,0 /\L
“\ 120K,0+T JA_‘
110K, 0+T M'
- 100K, T+0 JL
M_,u 9K, T+0 f\’_
_Ju 15K, T A_'
"1'.9""5';’}'\'2'.1' a2

191

T
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Resolution of a neutron diffractometer

1) . = Const R(d) is a complicated function with a deep minimum
2) TOF Aty ~ A — R(d) = Const
3) Fourier At,= Const —  R(d) = [A? + (B/d)?]Y? — A for large d
0.004 ¥ 2iG0 I R;s_AI'203'_NA(I3_2
| 0.0060 A
0.003 - o] P
[ a - A
= ! .% 0.0040 - N
% 0002 n ° A
J : Bruker § 0.0030 "
0.001 1 HRPD 0.0020 - AAAA —
. i : 5 A A
| 0.0010 Mo
0-' T T T T T 0-0000:"""""""'
0.2 0.4 0.6 0.8 1.0
0 1 2 3 4 5 H, A
d, A
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HelTpoOHHBIN TUPPAKTOMETP: OCHOBHBIE IIApaMeEeTPhbI

IHapameTp

Paspermenue
IloTok Ha oOpa3ue
TesecHbIN yroJ Jer.
IL1omaas oopasmna
HUuTepBan no d,
YpoBeHb (hoHa

Chnemuajan3anus

PasMmepHOCTDL

R(d) = Ad/d [%0]
@, [n/cm?/c]

Q et Lep]

So [em?]

Ad [A]

I bac [H/ C]

HNuarepBaa

0.1-10
10° - 108
SEEEE=]
D5l 18
0.2 -60
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Cnenuaau3zanus HEMTPOHHBIX TU(PPAKTOMETPOB

|. DkcnepuMeHT ¢ MOHOKPHCTAJJIOM
2D ITY I, AX < 3 MM

Il. CTpyKTYpHBIH 3KCIIEPUMEHT HA MOJUKPHUCTAJLIE
BbICOKoe pa3pemenne, Ad/d = 0.002, mupokoaneprypubiid ITU/]

I1l. MarauTHast CTPYKTYpa (IOJUKPHUCTAJLI)
cpeanee paspemenne, 6oabmue (~15 A) d,

V. In Situ, Real Time s3xcepuMeHT
BbIcOKas cBetocuiia (~10° u/c), mmpoxuii uarepsad d,

V. BbicOoKoOe 1aBjIeHHEe, MUKPOOOPA3LbI
BbICOKAsl CBETOCHJIA, HU3KHI (DOH

V1. JiuHHOTIEPpHOIHBIE U MAKPOMOJIEKYJISIPHbIE CTPYKTYPbI
cpeaHee paspemenne, odennb ooabmue (~60 A) d,

VI1I. JlokajibHbIE HCKAKEHUS CTPYKTYPbI
00abIIKeE TepeJaHHble HMITYJIbebl, Q . ~ 40 Al

VIIl. MukpocTpyKkTYypa MaTepuaJioB U U31eJTUil
BbIcOKoe pa3pemienne, Ad/d = 0.004, Bbicokasi cBeTOCHJIa



OnTuMu3anus HEUTPOHHOT O AU PpPaKTOMETpa AJIA
AHAJIM32 AaTOMHOU M MATHUTHOM CTPYKTYP

Magnetic structures:
- medium resolution: Ad/d ~ 0.01
- optimized for large d,, (up to 20 A)

\ (Lag 25Prg.75)07Ca9 3sMNO;

DMC
SINQ
2
5 AFM
c
Q N
IS o —
— o
o o~ =~
O .
0.0 0.

Atomic structures:
- high resolution: Ad/d = 0.001
- optimized for d,,, from 0.6 to 3 A

Intensity

08 09 1.0 f 11 12 13

04 05 06 07 08 09 10 11 12 13
H(=1/d), Al
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KOMINVIEMCHTAPHOCTDb

A = const <

> TOF

1. MoHnoxpoMaTu4ecKkuii my4ok, ® = @,
(ucnosab3yercsi ToIbKO ~1% Bcero cnekTpa)

2. Jluanas3oH JJIMH BOJIH OTPAHUYEH

(d.i,>0.7A,d.., <20A)

max

3. Boamoxkno 2D ckaHnpoBaHue
00paTHOIo0 NPOCTPAHCTBA

4. ®yHKUMA pa3pelieHus UMeeT MUHUMYM
B 3AaBUCHMOCTH OT H,

5. O0s13aTeJIbHO CKAHUPOBAHME 10 YIUIY
paccesinmsi, 20

6. HeT BpeMeHHOIi CTPYKTYPbI HCXOTHOTO
HEUTPOHHOI'O IYYKA

7. IlonmpaBKHU ¢J12a00 3aBUCAT OT 20
(Mpeur3uOHHOCTDH JAHHBIX BEJIUKA)

1. “Beaprii” cnexktp, ® = (1)

(McmoJsib3yeTcsi IPAKTHYECKH BECh CIIEKTP)

2. /Ilmana3oH JJIUH BOJIH < He OTrPaHUYeH

(d.in ~ 0.3 4, d,. ~ 60 A)

3. Bosamoxkno 3D ckanupoBanue
00paTHOI0 MPOCTPAHCTBA

4, @yHKIMS pa3penieHuns cjiad0 3aBUCUT

5. Uudopmanus MoxkeT ObITH HAOpPaHa
npu puKcUpoBaHHOM 20,

6. Bo3MOKHBI CHHXPOHU30BAHHbBIE €
UCTOYHUKOM UMITYJIbCHbIE BO31ECTBUS

/. IlonpaBKH CUJILHO 3aBUCAT OT A
(MpeuM3uOHHOCTDH JAHHBIX TOHUKEHA)

KoMmnieMeHTapHbBIH — B3aNMOI0NIOJTHUTEAbHBI /| KoMIUIuMeHTapHBIH — O3APaBUTEIbHBII




JINTUHA-UOHHBIN AKKYMYJIATOP

€ e

discharge

Li,Csrpadur  Li*- mpoBoasiumii 31eKTpoIHT LiMO,

John B. Goodenough
USA, 1922

K.Mizushima, P.Jones, P.Wiseman,
J.B.Goodenough “Li,Co0O, (0<x<-1): A
new cathode material for batteries of
high energy density”, 1980) 783-789

3apsio

C,+ LiCoO,« EiC e

pa3psio
x = (0.5-0.6 &

Yepes 15 — 20 jeT aBTOMOOMIM OyAyT
JJIEKTPUYeCKUMHU. B KauecTBe MCTOYHUKA TOKA

OyIYT MCIIOJIb30BATHCA LI-aKKyMYJIAAITOPHI.

Insulator

Cathode lead

_ Safety vent




Experimental set-up: HRFD instrument at the IBR-2

Li FePO4:V6 — LiXCG Detector Ne3
based batteries
Size = 8.2 x 128 x 155 mm Detector Ne2
Neutron beam,
L.# const = o
Detector Nel
Pristine (6 = 0)
C=10 Ah C=2Ah
PEX2211 PEX242):GontolLik
Impedance Measurement Unil—| 4 -.-_.

HHiegig
e

“/PFX2332
5-unit frame

PFX2011
PFX2021
25Wunit 2CH) 5 e k)

Charge/discharge system KIKUSUI PFX2011
and control PC potentiostat




! LiFeP-144-h

Ex Situ data

LFP-144-R LiFePO
Li(V,)FePO, r=203K
T=293K 2 :
5 The Rietveld
= refinement of LiFePO,
o . .
= diffraction pattern.
[} - -
2 L b Coincidence between
s M — ks JM experiment and
A= ? < - —
¥ = calculation is fine.
=]
iz WY
P J PO P T DS ————— o
T — 0 3 L N ST [ Y UL I U L IR T N
1 1.5 2 2.5 3 3.5 10 12 14 16 18 2‘.2 22 24 26 28 3.0
d, A d,
Raw diffraction patterns of
LiFePO, & LiFePO,:5%V " , N L L LR AL R R AL AL " 7 7
erO, erv, LFP-10K-h2 LiFePO,:V; LiFePOy4
Intensity ratio = mag / non-mag?
# ] ]
= 0.4 1
:
© ~
g g
g § 0.3 - A
5 z
= =
)
g 0.75% < : al
'T‘: 02 11 7
Comparison of diffraction S 4
patterns Of LIFePO4V6 ' " 0 5‘0 160 1;0 260 2;0 ’300
The width of diffraction T.K
lines grows up with . ) 1' - '2'2’ - '2'3' - '2'4' - '2'5' ' Temperature dependence of
' ’ a4 ' magnetic contribution in LiFePO,

=




FePO,4 [N VAV T LT
LiFePO4 -IIIIIIIIIIIIIHII|||||||| I II|| (NI I I
Graphite (ININREN || |

60

Evolution of the neutron diffraction
patterns  measured during three
charge/discharge (~70 hours) cycles.
“Anode window” is marked.

Time (Hrs)
=

20

3D view of the “anode-window”
region for all three cycles of
charge/discharge processes

Enlarged chart of the
initial (discharged) state
with pure graphite line
(d=3.35A) and
stepwise appearance of
LiC,, (d=3.47 A) and
LiC,, (d =3.47 A).

X
W N

\. 00
o D
Z
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In Situ data: “anode window”

Intensity variations of
diffraction lines
associating with pure

graphite and LiC, | | -
phases depending on g |\ | LICy,

Intensity
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time.

|
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LiFePO,:V, | Graphite )

—— — T 0=0.75% T

120 160 200 240 280 160 i 200 X 240 280
time- 10, minutes time- 10, minutes

0 50 100

Content of LiC, phases
at various stages of the
charge process  of
LiFePO,:V; (6 = 0.75%)
battery




SOC (%), charging

In Situ data: “cathode window”
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82 = Diffraction  patterns  with g2 £3
$° 3+ LiFePO, (triphylite) and FePO, 83 %o
7 &« (heterosite) lines as a function 5 °

of state of charge (SOC) for
100 | iFePO,:LiC, battery during
8  charge (left) and discharge

;; (right) processes
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SOC (%), disharging
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2.81 | 2i99 | 3.17 } 2.81 2.198 3.15
d (A) d (A)
LFP only, C=2Ah LFP +V, C=10Ah
SOC, % : .
FePO, LiFePO, FePO, LiFePO,
0 43(9) 57(5) 37(9) 63(9)
45(5) 66(9) 34(4) 68(8) 31(3)
100 93(13) 7(3) 100(11) 0




Defect structure of electrodes

W2=C,+C,d?+C,d?+C,d*

/

P

N\

/
Resolution function of
TOF-diffractometer

Stress effect,

C, = (Aa/a)?

\Size effect,
C, ~ (1/L)?

Width-1

|LiFePO,:V;

GRS LiFePO,:V;
]
g
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53
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=
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=
=
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£
Z
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d A

Diffraction peaks widths are
growing up with vanadium
content

Size effect is clearly seen for
LiFePO, with 0.75%V (L ~ 600 A)
and 5%V (L ~ 400 A)
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TengeHuumu:

CTpyKTYpHBIN AaHAJIU3 — CTPYKTYPHI BCe 00JIbIIEH CJI0KHOCTH, = 50 mapamMeTpoB
BriiroueHue B aHAJIU3 KOTePEHTHOI0 (0P3rroBcKoro) u Au(pPpy3Horo paccessHus
YBeimueHue CKOPOCTH HAKOINVICHUs M (PPaKIMOHHBIX JaHHBIX, t. < 10 cek (10 0.3 cek)
VBeanuenue anana3ona Haoaogaempix d,,, 0.3<d,,, <30 A

YMenbuienue oobemMa oopasua, V<1 mm?

I 1aBHas TeHACHIIUSA .

IIpaBuio 2 (White-Egelstaff): HeliTpoHHbIii JkcCIepUMEHT He cJieayeT
MPOBOAUTD, €CJIM €CTh aJIbTEePHATUBHbIH MeTO/!

HoBas Bepcusi: HEHTPOHBI MOI'YyT OBITH MCII0JIL30BAHBI J1JISl PelleHUs JII000i
3agaun!
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NBan boopukoB

Cnacu0o 32 BHUMAaHME.

/Kearo ycrexoB B HEJICT'KOM, HO 04€Hb MHTEPECHOU KU3HHI
MOJIO0T0 HAYYHOI'0 PA0OTHHKA!
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