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HelTpOHHBIN CTPYKTYPHbINA aHAJIU3

JAndpakuus

(ynpyroe paccesinue)
HEUTPOHOB

CTpyKTYypHBIi
aHAJIU3

KpucraJio-

rpagus

N \ r4
CTpykrypHast (MArHUTHAA)

HeluTpoHOrpadusa




10.

KpucrajJi: nepuoan4HoCcTh, CHMMETPH S, AHU30TPON U

Kpucramn — BemecTBo ¢ BHyTpeHHeH (3D) mepnoandHOCThIO.

DnemMeHTapHas s4Yeiika - YacTh CTPYKTYpPhl KpUCTAUIA, TPAHCIANHUSIMU KOTOPOW
BOCIIPOM3BOIUTCS CTPYKTypa Bcero kpuctasuia. Ee BoIOOp HEOqHO3HAUCH.
Kpucramnudeckass pemieTka — BOOOpakaeMblii OOBEKT, OOpa30BaHHBIA BEPIIMHAMU
(y371aMHM) SIYEEK, 3aMOTHAOIINX BCE MPOCTPAHCTBO KPUCTAILIA.

Yepe3 y3/bl KPUCTALIMYECKOM PEIIETKH MOXKHO MPOBECTH BOOOpakaeMble MIOCKOCTH
(kpucTasmorpaguyeckue).

bazucy cuctemMbl KOOpAMHAT B KPUCTANIMYECKOM MPOCTPAHCTBE MOXKHO  OJHO3HAUYHO
COIIOCTaBUTH 0asuc B oOpaTHOM npoctpanctse, {a} <> {b}.

[Mpoussenenne T*H=m, tne T = na;, H = hjbj, n;, i, M — memeIe ymnca.

Bexkrop H = hb; nepnenuxynsapen mnockocru {h;} u d, = 1/|H,|.

TpaHCHAIIMOHHON HWHBApPUAHTHOCTh CTPYKTYphl KpUCTAJIa COBMECTHUMA TOJBKO C
OTPEIeICHHBIMU T€OMETPUUECKUMU DJIEMEHTAMU CUMMETPHU.

B 3D npoctpanctse cyuiectByeT 230 KOMOMHAIMHN AJIIEMEHTOB CUMMETPUH.
TpaHcHAIIMOHHBIE, TOYEUHBbIE U MPOCTPAHCTBEHHBIC DJIEMEHTHl CUMMETPUU O00JIaJ1at0T

IPYNIIOBBIMUA CBOMCTBAMU.

OR)=D(R +T) T=npa+n,b+nsc
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HeuTpoHbl, CBET, PEHTICH, 3JICKTPOHbI

1
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HMoctynubie Ha miockoctH (E, Q) odnacru
11t GOTOHOB M MeNJIEHHBIX HEHTPOHOB

S(q, ®) ~ JJei@r-od G(r, t)drdt

100000 vomom

10000 /
1009 Photons

100 E =1974*k
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0.1
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0.001
0.0001

Energy, eV

Slow neutrons
E=0.00208*k?

lms | T T T lIlIII

0.1 1
Wave vector, A

JAucnepcuoHHbIE COOTHOILICHUS
1JIs1 (DOTOHOB M HEHITPOHOB

3akoH paccessHus

i (L. van Hove, 1954 )

Koppeassuuonnas ¢pyHkuus

v

| ~ 27/, 7T ~27a/®

!

Al=(0.1-610% A




Yupyroe paccesinue Kak (pypbe-npeodpasoBaHue CTPYKTYPbI

NHTEeHCUBHOCTH paccestHUs

1(a) ~ [f(a)I*

AMILIMTYAQ BOJIHbI

1(q) ~ | elar G(r)dr

|

G(r) ~ | e I(g)dq

ITapHas koppeassuuOHHAsA QYHKIUA

f(q) ~ | elar b(r)dr

|

b(r) ~ ] et f(g)dg

PacceunBaroiias njioTHOCTD

G(r) =] b(u) b(u + r) du

b(r) / G(r) - o6beKT

IIpocTpaHcTBO KpHUCTAJLIA

f(q) / 1(q) - u3o0paxenue

OOpaTHOe MPOCTPAHCTBO

d@opmyJibl CHpPaBeMJUBbI IS O00bEKTOB JIH0O0W NPUPOAbI, JHO00H KOHPUTypauuu

paccerBaOIINX HEHTPOB, JH00I0 TUIIA YIIPYTOro PacCesiHus, J00ro u3jaydyeHus!

|



Yipyroe paccesinue Kak (pypbe-npeoodpazoBaHue CTPYKTYPbI

1) PerucTpauus ynpyroro paccessHust

1(q) ~ S(q, 0) miau | S(g, ®)do ~ | eia" G(r)dr

2) Biausinue nupakiMoOHHOIO npeaesa

3) ®a3zoBas npoodaema

Q
b(r) ~ [e-9r f(q)dq

0

f(q) = f.(q) + if,,,(q) = [f(q)-e'*(q)




BiusiHue 1M(PPaKIHOHHOIO mpeaeaa Ha u300pakeHue

Q

b(r) ~ [e-9r f(q)dq

0

O0beKT

0

b(r) ~[ e f(a)dg

0

A

A

v

dDypbe—o0Opa3 dypbe—o00pa3

0e3 0osbImIuX (

f(q) ~ | elor b(r)dr



3aa4M CTPYKTYPHOI'0O aHAJIM3A

NHTEHCHUBHOCTH < > PacceuBaromas JioTHOCTDH

N

A 4

1(9) ~ [f(Q) ~ |/ b(r) e'ardr]? b(r) ~ | ea"(q)dq

Haubosiee o0men 3amgadyeil SABJSETCH BOCCTAHOBJIEHHE PpacceuBarouien
IOTHOCTH b(r) (aToMHOW WM  MarHMTHOH) TO  HW3MEPEHHOI
unTencuBHOCTH 1(Q) ¢ atomubiM (1. <0.1 A ) paspemennem.

Crenenpb ee pa3pemimMOCTH 3aBHCHT OT CTENEHH JAJbHEro Mopsiika B CTPYKTYype.
JlJ1si MOHOKPHCTAJIJIOB MOKHO ONPENeJUTh MOJIO0KEHUSI BCEX aTOMOB CTPYKTYPBHI.
JlJ1si MAKpOMOJIEKYJI B PACTBOPAX YAA€TCHA MOJYUYUTHh TOJbKO HEKOTOPbIE CBeAeHUsA
00 ux reomerpuuyeckoii dopme. B caydyae KMAKOCTEH ONpeReasAIOTCS
CTATUCTHYECKHE MapaMeTPhbl, H3BJIeKaeMble U3 KOPPEJIANMUOHHON QPyHKIINMH.

JInsi aHaaM3a CTPYKTYpbl KPHCTAJLIOB C JaJbHUM IOPSIAKOM B
PACIIOJIOKEHMH  aTOMOB  MCHOJb3yeTcsl  OpIrropckasi  aupaxknus
KOPOTKOBOJIHOBOI0 n3aydenus (A= 1 A).



Ha B0O3MOKHOCTH HEUTPOHHOI'O CIIEKTPOMETPA BJIUSIOT:

|. ITapamMeTpbl HCTOYHUKA HEMTPOHOB

THUIL, MOIITHOCTh, IIMPUHA UMITYJIbCA, CIIEKTPAJbHOE pacipeaeJeHue 1o A, ...

Il. KoHcTpyKIusi cnekTpoMerpa

cBeToCcHJIA, paspemenue, (Q, E)-nnama3oH, 10n0JIHHATEIbHbIE YCTPOICTBA, ...

I1]. Komanaa Ha crieKTpoMeTpe

PYKOBOAUTEC/Ib, OIIBIT KOMaH/Ibl, KOHTAKTbI C IPYI'HMH ICHTPAaMMH, ...



Peak brilliance

“Brilliance” of synchrotron and neutron sources
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> UccaenoBare/ibCKue HCTOYHUKHA HEMTPOHOB JOCTHUIVIM Mpeaeia

110 IOTOKY HEHTPOHOB.

> st yBesinueHust 3 PeKTUBHOCTH HEMTPOHHOTI'0 IKCIIEPUMEHTA
MBI JIOJI2KHBI YJIY4YIIATh KA4eCTBO 3aMeIJINTe/Ieid, HeTPOHOBO/I0B,
MOHOXPOMATOPOB M I€TEKTOPOB.

> @akTopbl nopsiaka 10, 50 uam naxke 100 Bo3MokHbI!
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HelTpOHHbIC HCTOYHUKHU JIJIS UCCJICIOBAHUHU
KOHJIECHCUPOBAHHBIX Cpejl

|. Continuous neutron sources

W =10-100 MW
Const In time

1. Pulsed neutron sources

AN

VVR-M, Russia 1-a. SPS 11-b. LPS
IR-8, Russia, T BT T T We 25 MW
ILL, France - O

LLB, Erance Pulsed in time Pulsed in time
BENSC, Germany Aty = (15-100) ps Aty = (300 - 1000) ps
FRM |1, Germany _
BNC, Hungary ISIS, UK IBR-2, Russia
NIST, USA LANSCE, USA ESS, Europe
ORNL, USA SNS, USA LANSCE (new)
SINQ, Switzerland J-SNS, Japan 277

PIK, Russia
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JAudpakuua Ha CTAMMOHAPHOM pPeaKTOpe U MMIYJIbCHOM
UCTOYHUKE HEUTPOHOB

y I "White'" (Maxwellian)
0.1 3 distribution
g .
0.01 E
James Clerk Maxwell
0.001 - 1831 -1879
7 Scotland (UK)
K =2nH — 2d-sinf = A
MOHOXPOMATHYECKUM MTYYOK: “beJiblii” MYY0K:
h=const=1.4 A, AML=0.01 hpin<A<A ., AL®5-154
W = (10 - 100) MW = const W =(0.01 - 2) MW, ummyabcbl
CkaHHpoOBaHHeE 10 YIJIy paccestHus CkaHHpoOBaHHE M0 BpeMeHH MPOJIeTa
B IIMPOKOM MHTEpBaJIe (TOF), Bo3mo:kHa pUKCHpPOBaHHAS
(Ay-mudpaxTomeTp). reomerpust (TOF-gudpaxTomerp).

e




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,,,
u3MmepenHblii 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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Normalized intensity

NAC-cranaapr (Na,Al,CasF,,) na TOF- u A, -nudpakromerpax

HRFD, NAC
H=0.27-1.60 A HRPT, NAC
i ' H=0.20-1.06 A
\"g}.\»
8
A=
| L BN AL B BN B | T LI A L DL T A RNEIN N N AN
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
H, A- H, A-

TOF-diffractometer HRFD: 20,= 152°,
wavelength range =1.2-7.2 A

Ao-diffractometer HRPT: A, = 1.886 A,
scattering angles range = 10 - 165°
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Normalized intensity

NAC-cranaapr (Na,Al,CasF,,) na TOF- u A, -nudpakromerpax

1,

HRFD, NAC
H=0.27-1.60A"1

nac-HRFD-H

Intensigz

1 &

il

nac-HRPT-H

HRPT, NAC
H=0.20-1.06 A"

0.8
H, A

0.2 0.4 1.0

TOF-diffractometer HRFD
wavelength range =1.2 - 7.

0n

Resolut

0.0070
0.0060 —
0.0050
0.0040 —
0.0030 —
0.0020 —

0.0010

vvvvvvvvvvvvvvvvvv

HRFD

0.0000
0.2

0.8

1.0 1.2 1.4
H, A

1.6

meter HRPT: A, = 1.886 A,
Ingles range = 10 - 165°
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“IIyramwiunee” pasHooOpa3ue HEUTPOHHBIX JU(PPAKTOMETPOB

|. Tunm uCcTOYHMKA HEHTPOHOB

- HeNPEPBIBHOIO AeCTBUS

- UMIYJIbCHBIN

Il. MeToa pa3sBepTKH CIIEKTPA.

- A = coNnst, pa3BepTKa 10 yIiIy

- TOF, pa3BepTKka 1o yriy u 1o BpeMeHu

l1]. Tun cTpYKTYPHOM 3a1a4H;

OIITHUMMU3ANHNA CICKTPOMETPA 110 OCHOBHBIM NIapaMeTpaM.

CBeTOCHJIe, Pa3pellieHnIo, YPOBHIO (hoHA, 1MANIA30HY MePeIaHHbIX

HMITYJIbCOB, ...




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. Illapaaaeabnoe 2D ckanupoBaHnue
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. /Inana3oH JJIMH BOJIH < HEe OTPaHU4€eH

(d.,~03A,d_. ~60A)

3. HapasueabHoe 3D ckaHupoBaHue
00paTHOI0 MPOCTPAHCTBA

4. DyHKIUA paspelieHus cj1a00 3aBUCUT

5. Hudopmanus MoxkeT ObITH HAOpPaHa
npu puKcUpoBaHHOM 20,

6. Bo3MOKHBI CHHXPOHU30BAHHbBIE €
UCTOYHUKOM UMITYJIbCHbIE BO31ECTBUS

7. IlonpaBKU CUJIBHO 3ABUCAT OT A
(MpeuM3uOHHOCTDH JAHHBIX TOHUKEHA)

KoMmnieMeHTapHbBIH — B3aNMOI0NIOJTHUTEAbHBI /| KoMIUIuMeHTapHBIH — O3APaBUTEIbHBII




Cnenuaau3zanus HEMTPOHHBIX TU(PPAKTOMETPOB

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

Il. CTpyKTYpHBIH 3KCIIEPUMEHT HA MOJUKPHUCTAJLIE
BbICOKoOe pa3pemenne, Ad/d ~ 0.002, mupokoaneprypubiii 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. JinHHOTIEPpHOIHBIE U MAKPOMOJIEKYJISIPHbIE CTPYKTYPbI
cpeaHee paspemenne, odennb ooabmmue (~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



CYCLOPS - a reciprocal-space explorer based on
CCD neutron detectors

Beam diameter
Scintillator

Pixel size (mm)
scintillator (mm)

Intensifier
Readout speed

Neutron guide

Test experiments with Al,O; of &3 mm:

Wavelength range (f\) )
Incident-beam divergence ( )/A
Detector height (mm)
Detector diameter (mm)
Diameter of the sample-
environment space (mm)

Number of pixels per camera
Input active area per

Casemate

Collimation tube

Diaphragms

9 o positions, in 1 min each, 1082 refl.
(181 independent), R = 8%, 4> = 1.7

Adjustable diaphrag

Secondary beam shutter

0.8-5.0
0.17
412
400

390

Variable from 1 to 9 mm
SLiF/ZnS:Ag, 0.210 mm
thickness on 1.15 mm Al plate
0.172x0.172

1200 x 960

412 x 165
Ultra-high-resolution Gen 2
10 MHz

CCD cameras
Sample 7%

Diaphragms

Collimation tube

Beam shutter

Detector Scintillation plates 1 9




CYCLOPS - a reciprocal-space explorer based on
CCD neutron detectors

T=378K

B N
&Py

Observed and indexed pattern from a crystal of CuSb,Oq at 400 K in the tetragonal phase, measured
in 60 s using the initial configuration. The inset shows the temperature dependence of the peak shape
of the {200}/{102}/{110} composite spot of the tetragonal phase on crossing the structural transition

to the monoclinic phase.
20




TOF high-resolution magnetic diffractometer WISH (ISIS, UK)

for simultaneous refinement of crystal and magnetic structures

THe (010)

—
ol

=
oo

=
I

[ntensity (arb. unit)

0.0

0.4 ! . . . .
2 4 6 8 10

. —C d-spacing (A)
Detector system of the WISH diffractometer. Diffraction pattern of CeRu,Al, at T = 10 K
ZnS scintillator detectors are covering all measured with WISH diffractometer. The
scattering angles between 10° and 175°. inset shows the refinement of the pure

magnetic scattering.

from D. D. Khalyavin et al., Phys. Rev. B (2010)




Pa3BuTHe MeTOAa paccessHUs HEMTPOHOB 0a3upyeTcs Ha:

/

HoBbIx naesix

l

Supermirror neutron guides
Ballistic neutron guides
Neutron lenses

Focusing monochromators
Spin precession techniques
Correlation (Fourier) technique
Multiple frame overlap
Multi-spectral extraction

T~

HoBBIX BO3MOKHOCTSX

l

New generation of pulsed
neutron sources

New detector generation

PDF analysis, Q. =50 A1

22



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




MeTtoa Bpemenu npoJietra: TOF-augpaxkromerp

F. Mezei et al. “TOF Neutron Diffraction 1947:  E. Fermi et al. “A Thermal Neutron

for Long Pulse Neutron Sources” Velocity Selector and Its Application”
Neutron News 23(1) (2012) 29-31. Phys. Rev. 72 (1947) 193-196

_ : : P.A. Egelstaff, 31 IUCr Congress, Paris,
“The Time-of-Flight (TOF) method for 1954

ety oo b g e FH AR R AP (T
y ago by J Structure-Factor Measurement in

\rfgzoeggfgﬂ;il:igaﬂ;/eut: e RBEL Neutron-Diffraction Analysis” Acta Cryst.
i 9 (1965) 151-155.

P.A. Egelstaff “General discussion of TOF
measurements in solids and liquid state

physics” in “Neutron TOF Method” Ed. J.
Spaepen, pp. 69-74 (1961). 5=

e

Pulsed . \
Neutron Source COLL'mUtD'\\O

Meutron
Counter

A surface illustrating the Bragg reflectivity
as a function of angle 6 and wavelength A

Flightpath

Figure 2
Angular Distribution Experiment Using Time of Flight
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Hecko0bKO muTAaT

R.D. Lowde, Acta Cryst. (1956) p. 151:
A pulsed source of slow neutrons, in
conjunction with time-of-flight apparatus, is
ideally suited to such a technique.

Egelstaff (1953, 1954) has repeatedly
emphasized that electron accelerators are
capable of providing mean fluxes of thermal
neutrons for these purposes equal or superior
to the fluxes of modem reactors.

P. A. Eqgelstaff, in “Neutron

TOF Method (1961), p. 70:

In the case of neutrons, one can
consider the time-of-flight technigue
as an alternative to crystal
diffraction. The pulsed neutron
source may be an accelerator source
or a chopper based on a reactor.

HU.M. ®pank “IlepcrieKTHUBbBI
HCII0J1b30BAHUS HEMTPOHHOM
cnexkTpockonun’ JIH® (1970),
QYA 2 (1972), c. 844

Yaxe ¢ caMoro HayaJia npu
00cyka1eHuu padoT, JIAHUPYEeMbIX
Ha UBP, 061710 04eBHIHO, YTO B
A pakuuy Npu 321aHHOM VIJIe OTPAKEHUS
HET He00X0TUMOCTH B MOHOXPOMATH3 AU
HEHTPOHOB, T.K. Pa3JIMYHbI¢ HEUTPOHBI,
YAOBJIETBOPSIIOLIME YCJIOBUIO bparros, umeror
Pa3JIMYHYI0 CKOPOCTH U Pa3/ieJieHbI 10
BpPEMEHH MpPoJieTa.

B. Buras, Nucleonika, 9 (1964)
p. 524.

In the case of neutrons, one can
consider the time-of-flight technique
as an alternative to the above
mentioned conventional method.
This has been pointed out independently by
P.A. Egelstaff and in the course of a discussion
on the program for the fast pulsed reactor in
the JINR in Dubna.

Z5



1963: Bu3ut b. bypaca B /lyony

1986

Fifty Years of Neutron Diffraction

The advent of neutron scattering

edited by

G E Bacon
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Adam Hilger, Bristol

Published with the assistance of the
International Union of Crystallography

8 Changing Techniques

8.1 The Time-of-flight Diffraction
Method—Reminiscences

B Buras
Risg National Laboratory, Denmark

The year of 1955 was the year of the first ‘Atoms for Peace’ Conference in
Geneva and the beginning of a ‘reactor boom’. Many countries decided to
acquire nuclear research reactors and so did Poland. It was a 2 MW reactor
with enriched uranium, moderated and cooled by light water and a thermal
neutron flux of about 10" neutronscm 25!,

It was decided 1o place the reactor at Swierk near Warsaw, where the
Institute of Nuclear Research had just been organised. At that time I was
in charge of a small laboratory within the Institute and in view of the great
challenge of the expected new research tool I decided to shift from
semiconductor physics to neutron diffraction. Several colleagues joined
me, and although we had no experience in this field, we nevertheless began
construction of a double-axis crystal diffractometer. Therefore, during a
visit to the United States in 1956, I took the opportunity of visiting
Brookhaven National Laboratory where, among others, Donald Hughes
and Harry Palevsky were doing neutron inelastic scattering experiments
using the time-of-flight (ToF) method, and there | had my first direct
encounter with this technique.

On my way back from the USA I visited George Bacon at Harwell and
received from him useful advice concerning the design of our neutron
diffractometer. His instrument was already working and both the visit to
Harwell and Bacon’s newly published book Neutron Diffraction played an
important role in acquiring the necessary know-how in this new field. In
1958 the reactor at Swierk became operational and neutron diffraction
research started. S

In 1960 1 took part in a small seminar in Paris devoted to the ToF
technique, used at that time solely for neutron cross section measurements

Bronislaw Buras (1915-1994)
One of the inventors of the
time-of-flight (TOF) method
for neutron diffraction.

In 1971 Professor B. Buras
immigrated with his family
to Denmark.

The present comfortable hotel Dubna did not exist and we had to stay in a ki_r(;d of hozteslir:rll \t/\r/]ithg(l)lﬁjt-\/c\/::th
[ ith i ttresses. In a tiny corridor was :

street, two in a small room with iron beds and straw ma : _ :

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 TOF

spectrometer and take measurements. Their quality was much better than those obtained at Swierk.

zO




IlepBble HeliTpoHHbIe TUdpakunonHbie TOF-cnexkTpsl (1963)

Cb//z'r(zafor' (d siit Sample
A | &
yZ 209 ¢cm

Chogper

o
=~
©
=

Soller collimator

BF counter

Shielding

Experimental set-up for TOF neutron diffraction at the

EWA, 2 MW reactor (Swierk, Poland) (1963)

The geometry of the experiment
using the pulse reactor IBR-1:

L (reactor-sample) = 950 cm,

L (sample-det.) = 620 cm (1963)

222

731
231
127

|
T

220

8

Intensifyforditrary units) ——am

Al

Exposure tims
92 hours

20

L
Lo

1
20

Al) ——

1
20

The first TOF neutron diffraction pattern

measured with Al-powder in 40 hours

Fr

i

ZTJ

Infensity ( arbitrary unifs) —w
§

nr

Al

3

200
Channel number

The first TOF diffraction pattern measured at

the IBR-1 pulsed reactor with W =1 kW
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TOF-meTon, uTO, 1€, KOrna?

1954

1956

1963

1963

1967

1968

1977

1984

1984

1994

P. Egelstaff Hnesn TOF-gudpaxuun neiitponon, lUCr Congress

R.D. Lowde Teopernueckoe o6ocHoBanue, Acta. Cryst. 9 (1956) 151

B. Buras

JyOHa

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

IepBbie 3kcniepumenTsl B CBepke (Iloabina)

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

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




Paoornl @.J1. lHHlanupo no audpakuuy HEUTPOHOB

1. “MeToa BpeMeHH MPOJIeTa sl HCCIAEAOBAHNS KPUCTAIIMYECKHUX CTPYKTYP €
MOMOIIbI) HEUTPOHOB M €r0 BO3MOKHOCTH B CBSI3U C BHICOKOIIOTOYHBIMH
peakTopamu’

¢ B.Bypacom, E.JlenueBnuem, B.B.Hutuem, MU.CocnoBcka, E.CocuoBeckn 1964
o03opnubIii 1okaan (Nukleonika)

2. “UccnenoBanne KPUCTAINYECKON CTPYKTYPbI BellecTB A pakinueil HeTPOHOB’

¢ B.B.Hut, M.Cocnoscka, E.CocnoBckn (Coodmenne OUAN) 1965
ONMCAHUE MEePBBIX IKCIIEPUMEHTOB, BbINOJHEeHHBIX B 1963-64 rT.

3. “O0 usmepenun ¢a3 CTPYKTYPHBIX aAMILIUTYX” 1970
HOBBI MeTon onpeneaenust gpasel 1s F(Q) (IUAS)

G.E. Bacon, P.II. O3epos, |. Sosnowska,
J. Sosnowski (Jlyona, 1965)

9
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CTpyKTypHBbIE€ (PaKTOPbI KPUCTAJLIIA

“00 nzmepenun a3 crpykrypHbix ammauryn” OUSAU, 1yona, 1970
nosoxkeHa Ha Padouem coBemanum, 13-16.10.1970, [lyona

F(H) =X bjexp(Znier) = |F|-ei<P ||:|2 ~ | (uuTeHCHBHOCTH MHKA)
FI?=|Fy + Fyl® mm [Fy - Fyl? = [FyP+ [Fyl®  [Fyl*[Ful*cos(oy — @)

1. F\, 0€3 MATHUTHOIO MOJISA

2 F, 1Ba HanpaBJIeHUA MOJISA

3. On—-9y= «

“¥YupasJjasieMass” aMILIATYydA
paccessHus !
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Jndpakuus Ha UMNYJbCHbIX peakTopax UbP-1 — UBP-30

NUCLEAR INSTRUMENTS AND METHODS 69 (I1969) 173-180; © NORTH-HOLLAND PUBLISHING CO.

FOCUSING OF A TIME-OF-FLIGHT DIFFRACTOMETER FOR STRUCTURE ANALYSIS.
THE EXPERIMENTAL CHECK

A. HOLAS*, J. HOLAS, E. MALISZEWSKI* and L. SEDLAKOVA
Joint Institute for Nuclear Research, Dubna, USSR
Received 26 October 1968
An experimental check of focusing the neutron time-of-flight of the focused diffractometer was increased by an order of

diffractometer for crystal structure analysis is p d. The gnitude as compared with the previous diffractometer (with
obtained results proved the formulae for focusing. The intensity  collimators) of the same resolution.

Time-focusing geometry
at a pulsed neutron source

The first time-focused TOF diffractometer
at the IBR pulsed neutron source (Dubna)

Nuclear Instruments and Methods 193 (1982) 617-621 617
North-Holland Publishing Company

A NEUTRON TIME-OF-FLIGHT DIFFRACTOMETER WITH
A ONE-DIMENSIONAL POSITION SENSITIVE COUNTER

AM. BALAGUROV, V.I. GORDELIY, M.Z. ISHMUKHAMETOV, V.E. NOVOZHILOV, B.N. SAVENKO
and V.D. SHIBAEV

Laboratory of Neutron Physics, Joint Institure for Nuclear Research, Dubna, U.S.5.R.
Received 20 March 1981
A neutron TOF diffractometer using one-dimensional position-sensitive 3He counter is described. The position readout uses a

resistive wire with charge division to detect the paosition. For calculations a digital processor is used. As an example the ferroelec-
tric KD POy is investigated and results are given.

CranupoBanue B10Jb | OF u 20 oceii. Heckoabko
TBHICSIY TOYEK H3MEPSIOTCSI OTHOBPEMEHHO. )




Audpakuua B UMNyJabCHBIX MATHUTHBIX moJisax: B.B.Hurn

Ik

Ty a2
1.2 .

: [ a—Fe,0, T=80K HLC,

I
I B 3 r
> A 0,8 lT .
“ — JL_J\ LN || 2/
f .P_l
| 04 | | .
! JAundpakuuoHHbIe MUKH OT MOHOKPHCTAJLJIA II | .
U UMITYJILC MATHUTHOTO noJisi. U3mepsiercsi L A
3aBHCHMMOCTb HHTEHCUBHOCTH IHUKA OT .,——'———‘L‘TFF ¢
L | 1 | L |
AMILIMTYIbI HMITYJIbCA MOJIA. 0 20 30 120
H, kD

I'eoMeTpusi IKCTIEPUMEHTOB ¢
MArHuTHbIM moJiem Ha UBP-30.

DH3HKA 2JIEMEHTAPHBIX YACTHL H ATOMHOIO A0PA
2001. T. 32. BHIIl. 4

VK 539.27

HEWTPOHHBIE NCCNEOOBAHUA MATHUTHbIX
CBOWCTB KPUCTAJTTMYECKUX BELLECTB
C NCMNOJIb3OBAHUEM MMMYJIbCHOIO

MATHVTHOIO MNMOJ14
B.B.Humuy

OGbeaWHEHHbIR MHCTUTYT AAePHBIX MCCcnenoBaHwin, OyGHa

AHOMaJIbHOE YBeJIMYCHHUE
HHTEeHCUMBHOCTH nuka (111) mpu
amIuiurynae nmoJs 49.5 k9.

o 1990 rona HeMTPOHHBbIE UCCIIETIOBAHUA C
UMILYJIbCHBIM MATHUTHBIM 10JieM B JIH®D
OUSAU ocTaBanCh eAMHCTBEHHBIMHU B MHUPE.
Tosbko 3aTeM HAYAJIUCH PA0OTHI HA UCTOYHUKE
KEK (SInonusi) m peakrope TRIGA (Bena) ¢
moJsimMu 10 160 k9 u 230 kI, COOTBETCTBEHHO.
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CnektpomMerpsbl Ha peakTope UBP-2

/ DIN-2PI >

el B

_ < 'KOLH IDA

EPSILON
T

< Jindpakaus: 7
< MYPH: 1

« PeduexTomerpus: 3

NERA

<« HY paccesinue: 2

34




Ontumu3zanus AupakroMeTpoB no paspemennio Ha UBP-2

Resolution, Ad/d

1E-001 e
DN-2/DN-6

1E-002 .

] SKAT/EPSILON :

FSD/FSS

1E-003 + \ HRFD :

1E-004 - e e
0 1 2 4 5 6 7

d, A

HRFD
FSD
FSS
DN-2
DN-6
Epsilon
SKAT

MOJUKPHCTAJLIIBI
HaNPSKeHU
HANPSKEHU S
real-time, memopansbI
MHUKPO0OOpa3ubI
HaNPSAKEHU S

TEKCTYPbl

39



HelTpoHHBIN TUPPAKIHUOHHBIA AHAJINA3 MUKPOCTPYKTYPHI

KPUCTAJUVIMICCKHUX MaTCpHUuaI10B

MuUKpPOCTPYKTYPA KPUCTAJJINYECKOI0 MaTepuaJa:

< YPOBeHb MUKPOHANPSI)KEHU B KPUCTAJJINTAX

< cpeAHuil pa3mep U popma 00;1acTEH KOTePEHTHOI0 PacCesIHUS
< pacnpenejeHue o0jacrTei Mo pazmepam

< pacnpeaejeHue MAKPOHAINIPSKEHU B 00beMHOM MaTepuaJie

« KpHucTa/uiorpaguyeckasi TeKCTypa

Hanonucku B B-Ni(OH),
L, =150 nm, L, =20 nm
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fe-microstr-1

HanpsikeHus1 B NOJMKPUCTAJIMYECKOU cpejie oFe
(110)

(d-d,)/d=0.001 |
MuxkpoHanpsi:keHue —
IIHpPEeHNe MIKOB 1
ol y Il ) —
s 1 <Ad>=0, <Ad>?#0
& ol
w
7]
z + ol “ N e
” o | f : MaxkpoHanpsizkeHue — 2.022 2.024 2.026A 2.028 2.030 2.032
’ cMelleHne MUKOB 9
<Ad>#0, <Ad>2= Const —

(a-ay)/a,=0.001 4 o
(200 MPa) [ |

N

YuimmpeHue nuKoB nNpu
VMEHBIIICHUH pPa3Mepa

10 am

| ~sin?Nx/sin?x, X = (ka)/2

20 am WK ~1/N 2.022 2.024 2.026 12&;028 2.030 2.032
d,

30 am

60 Jsa Hatmaronenusi 3p@eKToB HANPSKEHUH

s r/

n pa3mepa Tpedyercsa Ad/d <0.003 !




N3mepeHne BHYTPEHHUX MAKPOHAIIPSAKEHU M

o TIepBHYIHBIH My4OK Hcrounuk

J HeliTpoHOB () <2 A) Q wﬁ
<)

I

=
=]

. . JAunadpparmol >

Q, Q1 E
=

N3MeHeHHE MOJIOKEHUSA
V, B obpa3ue

]
N
]
Detector 1

HUcTouHUK

Detector 2
N\
N

n3a1ejaue

(o6pasen) O0beM HaOIIOAEHUS
(gauge volume, V)

2{0

/

JerexkTop

./

N3meHeHnune opueHTAlMH
V, B 00pa3sue

Ucnoab3oBanne +90°-1eTeKTOPOB MO3BOJIAAET ONPENeTh
nedopmanum B AByX HanpasjaeHusax Q, u Q..
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MakpoHaAnpsKEeHUs .

KaJUOPOBOYHBIN IKCIEPUMEHT ¢ 4-X-TOUCYHBIM U3rudaresemM

YeThIpexToueyHblil H3rudarTesib - JJ
CO3IaHMS KOHTPOJHPYEMOro H3ruoda
miaacTubl. [lokazaHbl TOYKH, JieKanIue
BJ10JIb JIMHUM HATPY:KeHHsI 00pa3ua.

0.0015

7

: o

0.0005
. E4

Strain

0.0005 — »
0.001 —| %ff/

0.0015 TTT T [ TT T T [ TT I T [ TT T T T T T T [TT T T TTTT [ TTTT

20 -15 =10 5 Q 5 10 15 2
X, MM

3aBpucumMocth AedopManUM IJIACTHHBI OT
KOOpPAUHATHI Z udMepsieMoil Touku. Havamo
KOOPAUHAT NOMEIIEHO B LIEHTP IUIACTHHBI.

6 = E-AlI = E<(d - dy)/d,= E-0.001

JUISE CTAJM: G i = 20-101%-104 = 20 Mpa




MHuUKpOCTPYKTYpPAa NOJUKPUCTAJLIIA

Na,ALCa,F,, —
HRFD

Ad/d =0.0015

MMM ll.Jn“. “l}

Nn

LTt T T Y A (. I I I I I I
1 1 O [ I I (. I I

weks  Normalized neutron counts

ohowo

1.0 1.5 2.0 2.5 3.0
d, A

NHTEeHCHUBHOCTH — aTOMHAl 1 MATHUTHAS CTPYKTYPbI, TEKCTYpPa
[Hos10KeHUs — mapaMeTpbl JJIEMEHTAPHOU AYCKH, MAKPOHANIPSKEHU

Iupunsl (mpopuiis) — MmukpoHanpsikenus, pasmep OKP (pacnpeaenenue)




b deKThl HANPAKEHUN U pa3Mepa: 001Iasa cTpaTerus

JAnppakuuOHHBIA CIIEKTP
(mudpaxkTorpamma)

/ \

AHaJn3 NHTETPAJbHBIX

AHauu3 npodpuiist

Ak

XapPaKTePUCTUK
AHaJIN3 AHAJIN3 BCEro
OTIEeJbHBIX CreKTpa
MMHKOB
MeToapbl: MeToabI:
Scherrer Rietveld

Stokes-Wilson

Williamson-Hall

AHaJIN3 AHAJN3 BCEro
OTAEJbHBIX CIeKTpa
IMUKOB
MeToabl: MeToapbl:
Warren-Averbach WPPM
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“Williamson-Hall” analysis of a peak width

Strain (deformation) effect

(Ad/d)strain =2¢ — (Ad)strain = (28)'d

Spatial inhomogeneity effect

(Ad/d),,, = Const — (Ad),py = B

Size effect

(AH)size ~o/lL — (Ad)size = ((I/L)d :

Instrumental effect

AR(d) — (Ad)yoe ~ [Cy + Cprd 412

(Ad);o” = AR + (Ad)?

strain

a5 (Ad)zsize T (Ad)zspat

For TOFE-diffractometer:

(Ad)?=C, +[C, + (28)° + p°]d * + (a/L)*d
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80

Pa3zmep 0,10K0B M1 MUKPOHANIPSIZKEHU ST

W2=C,+Cxd?+Cyd2+C,d*

=]

DyHKUUA paspelieHns
TOF-nudpaxromerpa

=

1 HRFD
{ Vo= 4000 rpm

Wid_AI203_NAC_LaB6

300

dZ

Crangaprabie 00pa3ubl

(NAC, Al,O,) 6e3 HanpsizkeHUI

MukpoHanpsi;KeHus,

C, = (2¢g)?

250
200
i |
= 150
100 -

50 -

MukpoHanpsKeHUus KaK
(pyHKUMA TEeMIIepaTypsl B

CaCuMnO,,

W2, arb. un.

AN

3(1)(1)\&@ pa3Mepa,
C, ~ (1/L)2

]000_4 W2=C|+C2d2+C3d4 \ ]

800

600 -
400 -

200

ddpdexT pazmepa B
MeJakokpucraindeckom Ni

43




Normalized neutron counts

Intensity

Pa3mepnsbie 3¢ ¢exthl B mopoimkax NiO (13, 100, 138 u 1500 nm)

L LA LA LALLE LU LA LU ILLEL I LU L NS
NiO-1500R
NiO, HRFD
R-3m, o = 60.07 deg.
J.LLLIJ l} ‘J b i i _J JJ
ning 11 o { bl | 1 I I
T Ed 5T G oA R T I N T R R B SRR A
06 08 10 12 14 16 18 20 22 24 26
d A
T T T T L
NiO-151
NiO, 13 nm
T=293K
T T T S O o
1 1.5 2.5
d, A

Diffraction patterns of NiO with 1500 nm
(after Rietveld refinement) and 13 nm

crystallite size

450 2000
NiO NiO

4003 138 nm 100 nm

3504 1500 -

300 4
= g
_:‘f 250 4 _2
g8 £ 1000 -
«"~200 7 o
B3 3

150 1

oy 500

50 7 Resolution Resolution
0 4 : : . NiO-138 0 4 - = .
0.0 2.0 6.0 8.0 0.0 2.0 6.0 8.0

4.0 4.0
dz, A2 d?, A2
Widths of nuclear and magnetic peaks in diffraction patterns
of NiO with 138 (left) and 100 (right) nm crystallite size

Intensity, arb. un.

NiO, 1500 nm
293 K, HRFD

NiO, T=293 K

Intensity
PR %

100 nm f\
. : ; Y 138 nm ) j/\L
2.400 2.405 2.410d 2.415 2420 r v I 1500 nm ‘ I
Rhombohedral splitting of 2 25 3 3s ; 4 45 s ss
d,

NiO diffraction line = == 2
Magnetic peaks in diffraction

patterns of NiO with various
crystallite size




Anisotropy in width of diffraction peaks

Mg(OH), -

Resolution

Diffraction widths for B-Ni(OH),.
Analysis shows that typical disc size:
Ly,=350A,L.=150 A

Electron microscopy results:
L, =1500 A, L, =200 A
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da3zosbiii nepexon B Cuke,O, mmnunean

Cubic phase

Width-High_Cub
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WPPM - Whole Powder Pattern Modelling
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Line profile analysis: pattern modelling versus
profile fitting

Paolo Scardi* and Matteo Leoni

Department of Materials Engineering and Industrial Technologies, University of Trento, Italy.

Correspondence e-mail: paolo.scardi@unitn.it

Powder diffraction data collected on a nanocrystalline ceria sample within a
round robin conducted by the TUCr Commission on Powder Diffraction were
analysed by two alternative approaches: (i) whole-powder-pattern modelling
based upon a fundamental microstructural parameters approach, and (ii) a
traditional whole-powder-pattern fitting followed by Williamson-Hall and
‘Warren—Averbach analysis. While the former gives results in close agreement
with those of transmission electron microscopy, the latter tends to overestimate
the domain size effect, providing size values about 20% smaller. The origin of
the discrepancy can be traced back to a substantial inadequacy of profile fitting
with Voigt profiles, which leads to systematic errors in the following line profile

WPPM vs WPPF

Prof.
Matteo Leoni
Univ. of Trento

analysis by traditional methods. I Materials Science Forum Vol. 651 (2010) pp

155-171

systematic errors seem to have lit © (2010) Trans Tech Publications, Switzerland

'Department of Materials Engin

Keywords: X-ray diffraction; powde

Paolo Scardi
Univ. of Trento

powder pattern modeling.

Prof.

software are briefly reviewed. The

hrasdaning smadale ara intradnead

doi:10.4028Avmwnw.scientific.net/MSF.651.155

WPPM: microstructural analysis beyond the Rietveld method

P. Scardi'2, M. Ortolani'® and M. Leoni'*

eering and Industrial Technologies, University of Trento,

via Mesiano 77, 38100 Trento, Italy
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r diffraction; line profile analysis; full pattern methods; whole

Abstract. The basics of the Whole Powder Pattern Modeling and its implementation in the PM2K

main features and functionalities, and most common line
ith the aid of working examples related to the instrumental

WPPM vs Rietveld

metal. A summary of the main expressions is reported in the
1l references.




WPPM: basic principle

1(s) = I'P(s) ® I5(5) ® IP(s) ® IF(s) ® 14PB(S) ® 1€(5) ® IGRS(S)...
s = 1/d = 2sin@/A, IP — instrumental profile, S — domain size/shape,
D — lattice distortions (dislocations), F — faulting (twins, deformations),
APB - anti-phase domain boundaries, C — composition fluctuations,

GRS — grain surface relaxations

p=p®p,— F(p)=F(p,;® p,) = F(p)F(p,)

This equation lends itself to an easy and convenient implementation in a
computer software!

WPPM is implemented in the PM2K software.
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Implemented in PM2K software:

Instrumental profile: pseudo-Voigt for A=const diffractometer

Ikeda — Carpenter for TOF-diffractometer
double-sign for RTOF-diffractometer

Domain size: Lognormal / Gamma distributions
Dislocations: Krivoglaz — Wilkens relation
Planar faults: Warren — Wilson model
Anti-phase domains: Wilson model

Stoichiometry: Gaussian distribution

l(InD—p i and o are refined parameters
D)= — H P
¢(D) Da\/ﬂex{ ("5 H

<L>,, = 3/4-exp(p + 76%/2)
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Lognormal distribution

2 :
D)= 1 l({InD—pu I and o are refined parameters
g(D)=———exp| | =K
Do+27 2 o
— . 2
<L>,, = 3/4-exp(p + 70%/2)
00- 111
1901 ) (b) (111)
ey 7 Lognormal distributions
S . E (200) with constant Scherrer size
3 0504 | . | > (10 nm) (a). Corresponding
@ O v 2 14 powder pattern of gold for
=3 \ i X - g g
T 025, A k= the three distributions
LC ! < M J k\ represented in (a) in bold:
0.00 2 = -"fl- .:'I = z A 0 . I'"; . “"I" - | ¢=0.01 (line), 0.4 (dOt),
0 2 4 6 8 10 12 14 16 18 20 HITH
D (nm) v 9 294‘{3“9@5] e 0.8 (dash) (b). Wl_lllamson—
045 Hall plot for all simulated
(c) "1 B - mean diameter (d) patterns (c). Mean diameter
: and lognormal mean (p) for
:-'E‘" 0.10 oo the various increasing
< values of lognormal
—~ variance (c) used in the
T 005 simulations (d).
e P. Scardi, Z. Kristallogr.
"% 6 8 10 12 14 %0 01 0z 03 04 05 05 07 08 Suppl. 27 (2008) 101-111.
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HRFD: nedexTnas crpykrypa kapouaa auoous, NbC 4,

NbC-220-n

NbCg g3 \

initial coarse-grained

S W« o N ) S NbC0.93

88 ¢ 8 8§ 8 & (220) peak

T = i i pea
e5le | | g
RRARS S
| i

(642)
(444)

1-hour miling

all

Normalized intensity

[

BPEMCEHHU NEepeMaJdbiBaHUSA.

Normalized neutron counts (arb. units)
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Microstructure of nanosized NbC, 4 powders milled in 1, 5, 10, 15 hours
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HeuTpoHorpadgusi: 0OCHOBHbIC TeH/ICHIIUU

CTpyKTYpHBIIl AaHAJIU3. CTPYKTYPHbI BCe 00/IbIIEH CJ0KHOCTH, > SO mapaMeTpoB
BriiroueHue B aHAJIN3 KOTePEHTHOTO (OP3rroBCcKoro) u 1u(py3Horo paccestHus
YBenuveHne CKOPOCTH HAKOIICHHS TU(PPAKIIMOHHBIX JaHHBIX, t. < 10 cek (10 0.3 cex)
VBeaudenune Auanasona nadmaogaempix dy,, 0.3<d, <30 A

YMeHbleHue 06beMa 00pa3ua, V< 1 mm3, B anma3HbIx HakoBajdbHaAX V< 0.01 mm3

AHaIM3 peajibHOM CTPYKTYPbI (MUKPOCTPYKTYPbI) MATEPHAIOB
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