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China Spallation Neutron Source (CSNS)

In different periods, the design and construction of different instruments and equipment must be
based on needs of national and/or reginal science and technology and economic development.
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BL20: Direct-Geometry Polarized Inelastic Spectrometer

BL18: General-Purpose Powder Diffractometer

BLO2: Multi-Purpose Reflectometer

BLO1: Small-Angle Neutron Scattering _ _
BL19: Macromolecular Single-Crystal Neutron Diffractometer

BL16: Multi-Physics Instrument
BL11: Atmospheric Neutron Irradiation Spectrometer

BLO5: High-Energy Direct-Geometry Inelastic Spectrometer BL10: Neutron Backscattering Spectrometer

BL12: Neutron Physics and Application Spectrometer

BL17: Elastic Diffuse Scattering Neutron Diffractometer

BL13: Energy-Resolved Neutron Imaging Instrument

£Y : "? BLO4: Cold Neutron Inelastic Spectrometer
BL14: Very Small-Angle Neutron Scattering
BL15: High-Pressure Neutron Diffractometer
BLO9: High-Resolution Neutron Diffractometer BLO3: Liquid Reflectometer

BLO8A; Engineering Material Neutron Diffractometer BLO6: Indirect-Geometry Molecular Vibrational Spectrometer

BLO8B: Neutron Technology Development
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Neutron, A Subatomic Particle

Inside the Atom

Every atom is made up
of three parts, in
various combinations.

Nucleus
v There are
Protons which

carry positive
electric charges

Nucleus are
Electrons, which
carry negative
electric charges

All matters are composed of tiny
particles call atom. Every atom is
made up of three types of smaller
subatomic  particles, electron,
neutron, and proton. Proton and
neutron make up nucleus,
surrounded by electrons.

+2/3e
Proton +ﬁ O
two “up” quarks (charge
+4/3 e) 2 _1/36 +e

one “down” quark 5
(charge -1/3 e) Proton Y ="up'quark +3é@

- "down’ .l
Neutron +2/3esjze D) T dowm quark -z e

one “up” quark (charge ﬁ’ @ Oe

+2/3 ,
°) @ -1/3e

two “down” quarks

The proton carries two “up” quarks and one “down”
guark, while the neutron carries one “up” quark and
two ‘down” quarks. The “up” quark have +2/3 e, and
the “down quark has -1/3 e. So that the proton carries
+e, and the neutron is a neutral particle.
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Theorized Ernest Rutherford (1920)
Discovered James Chadwick (1932)
Mass 1.67492749804(95)%10 - kg, 939.56542052(54) MeV/c’,

1.00866491588(49) Da

Mean lifetime

879.4(6) s (free)

Electric charge

0e (-2+8)x10 - e (experimental limits)

Electric dipole moment

<2.9%x10 ~° e.cm (experimental upper limit)

Electric polarizability

1.16(15)%x10 " fm°

Magnetic moment

-1.04187563(25)%10 #5. —1.91304273(45) iy

Magnetic polarizability

3.7(20)x10 * fm’

Spin 1/2

Wavevector Magnitude 2 / )\
Wavelength h/mv

Energy (E) (1/2)mv2:h2/2m}»2

Intrinsic Properties of Neutron, Wave-particle Duality

The most mass of an atom comes from
proton and neutron. The mass of a neutron

( 1.67492749804(95)x107%" kg ) is slightly
greater than a proton.

Neutrons accompany protons in nucleus.
When neutrons leave nucleus become
free, the average lifetime of a free neutron
is about 14.66 minutes.

Although neutron is a neutral particle, it
carries zero electric charge. The magnetic
moment of neutron is not zero.

It has spin %2 with moment of -0.001042 ;.

This is an indication of its quark
substructure and internal charge
distribution.

Energy E= Y2 mv?=h?/2m)?, that is the lower
v the lower E or the shorter A the higher E.

Neutrons move in a wave mode; the
wavelength A=h/mv, i.e. the higher v the

shorter .

The magnitude of wavevector (2 / 1) is a
function of wavelength.

Neutrons possess wave-particle duality.
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Neutron, Wave-Particle Duality

Wave Neutron diffraction is a form of elastic
scattering where the neutrons exiting the
experiment have the same energy as the incident
neutrons. This technique can be used to study the
atomic and magnetic structures of a material, such
as crystalline solids, amorphous, liquids, and
gasses.

Particle Inelastic scattering occurs because the
atoms in a solid are of finite mass and they can gain
or loss energy when neutrons, or any kind of
radiation, collide with them. It can used to study the
atomic dynamics of the sample, such as quantum
materials, -energy-related materials, soft matter,
complex  fluids, biology, magnetic excitations,
vibrational and rotational, diffusional processes
and quantum tunnelling.

FF LT K MUX- P15, =—MH
MRS, BICEHRAAS SESH S
FREAHEENEE. EXENENR
REMNEEEFEMEPFOIHAT
PITRAE SN/ HE, ERMRER
Bk, S, HiEUEIERTE.

BN A EAEY P FRIERE
MRS S BlE AR T REERN RIS E
MAEE. ARMRETHE, g8
HXHE, TR, RERE, £9F,
HBOR, TRapFiiesE i, ¥FHdE
HMEFRIES.
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¢e Elastic and Inelastic Scattering
Table 1.1.1
Types of scatlering from a sample
Type of scattering Coherent Incoherent
Elastic Bragg scattering Laue monotonic diffuse scattering
Wave Magnetic Brage scattering Neutron incoherent scattering
Neutrons scattering | Bragg scattering from ferroelectric/magnetic order Multiple scattering (incoherent)

Iaom a sample have | e scattering from static defects
€ same ENergy as | iy signal from small nanoparticles (<10 nm)

the incident , . o
Neutrons. Scan?rmg from ramorphous material (except excitations)
Multiple scattering (coherent)

[nelastic Particle Thermal diffuse scattering Compton scaftering

The neutrons gain or | §pin-wave scattering Fluorescence

l0Se some energy as. | pyaeleqtric/paramagnetic scattering Incoherent scattering from hydrogen
scattering from a . ot

sample. Scattering from liquids

When atoms in a solid are of finite mass and they do or don’t gain or loss energy when neutrons, or any
kind of radiation, collide with them.
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BAS MO.1AZJ100ARNT:, RIFE(TNEMNRRT—H/ N EBR—F RIS,

REE AZEETAEER, SEBERERRFIZES), BMAEMERAUK S0 T IRkE)
AIREEME. o UMV NN AKBE TR T2 —BFRNENR 59K
Z BIRVRE BT

S ARG T AR TR mFE. B THRIENERT, BsBESF.

M EER AR RIS T Bl E T IHIE BN E FEEREU.

FIERETE HENRFESHEBRAER, BEREZFIMnkFRREREEL
HiES, RANETEBREPHORITNE.
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Table 2.3.5

Advantages of CW and TOF instruments (modified from Kisi & Howard, 2008)

e

TOF

(1) Incident beam may be essentially monochromatic, in which case the
ctrum is well characterized
AFFTERB—RK, EERFHESF
(2) Large d-spacings are easily accessible for study of complex magnetic and
large-unit-cell structures

BENERMEREEE, BFTOTEREERTKRER S

(3) Can fine tune the resolution during an experiment
R P AL S PR

(4) More common
LN
(5) Peak shapes are simpler to model
IEA BB ERZIUEG

(6) Abscrrptmn and extinction corrections are relatively straightforward
ORC BRI S A L A o 7] £

(7) Data storage and reduction is simpler

BB REME i 2
(8) Extremely rapid data collection and stroboscopic measurements are
feasible
THATRROBRMEATINE -
(9) Engineering diffractometers are very well suited for strain scanning in
ccrmplﬂx objects

ELIHMUERERR RN TR

(10) lexture 15 Sll’dlghlfﬂl’“’.ﬂl’ to measure on engineering diffractometers

'?/T%T'TXXT,/\*IJ /W% ﬁ"ﬁ\%
P92

(1) The whole incident spectrum is utilized, but it needs to be carefully
characterized if intensity data are to be used

ZREANGE, BELSERTARTIIERE.
(2) Data are collected to very large O values (small d-spacings)

BEMEIRE XQERIE (R HEEEEd)

(3) Few cold neutron instruments are available for study of complex
magnetic and large-unit-cell structures

RPFIEWE AT RBENMAR RIS,
(4) Resolution is constant across the whole pattern
BMERNDHHEAE
(5) Very high resolution is readily attained by using long flight paths
AR VTEBTAZIFESHD PR
(6) Complex sample environments are very readily used if 90" detector banks
are available

S RIE Y AT 0 AR N =R4A .

(7) Simpler to intersect a large proportion of the Debye—-Scherrer cones with
large detector banks

FRHIIR N 2528 X4 4 5) K tb 5l Debye-Scherrerf 5 4 o &,

(8) Very fast data collection is feasible
BIEREFRBRE,

(9) Engineering diffractometers use an extended diffraction pattern, ideal
for in situ loading and/or heating

TREENEE RIS IR, ELRELTHIE,

(10) Texture can be measured on universal instruments

18 AT W R4



https://zh.wikipedia.org/wiki/File:Neutron_quark_structure.svg

Table 2.3.6

Suitability of problems to high-resolution or high-intensity diffractometers

Reproduced from Kisi & Howard (2008) by permission of Oxford University Press.

Problem

High resolution

High intensity (medium resolution)

Solve a complex crystal or magnetic structure

DR F BB GRS

Refine a complex crystal or magnetic structure

B ERRE SRS

Solve or refine small inorganic structures

FRATEUBL /N T W RIS

Quantitative phase analysis
E BT

Phase transitions
HEX

Line-broadening analysis

-

Rapid kinetic studies :I-j&iiz“d]j] P%éﬁﬁ?:ﬁ

Essential, especially in the presence of pseudo-
symmetry

Essential. Will benefit from a high Q-range if
available

Beneficial, but not usually essential unless
pseudosymmetry is present

Only required when peaks from the different
phases are heavily overlapped

Depends on the nature of the transition and
complexity of the structures. Essential for
transitions involving subtle unit-cell distortions
and pseudosymmetry

Essential for complex line broadening such as

from a combination of strain and particle size,
dislocations, stacking faults erc.

Not appropriate

Not usually suitableti

Not usually suitableti

Usually adequate

Usually adequate. Allows phase quantities to
be tracked in fine environmental variable steps
(T, P, E, H etc.) during in situ experiments

Often adequate for small inorganic structure
transitions and order—disorder transitions.
Allows fine steps in an environmental variable
(T, P, E, Hetc.)

Adequate for tracking changes in severe line
broadening as a function of an environmental
variable (7, P etc.) especially if the pure
instrumental peak shape 1s well characterized

Essential

+ In some cases the symmetry and lattice parameters are such that the diffraction peaks are well spaced and not severely overlapped even at modest resolution.

1 May be necessary to

supplement high-resolution data to observe weak superlattice reflections in the presence of very subtle or incomplete order—disorder transitions.

International Tables for Crystallography (2018). Vol. H, Chapter 2.3, p92.




Table 2.3.7

Guidance on choice of wavelength/detector bank

Reproduced from Kisi & Howard (2008) by permission of Oxford University Press.

Problem Choice Reasons
Solve complex or low-symmetry structures Longer wavelength Increase d-spacing resolution to allow correct symmetry and space
= > A + roup to be assigned
DR FFRNFRIEN S =P :
Refine a large or complex crystal structure Shorter wavelength Ensure that the number of peaks greatly exceeds the number of
. parameters. Improve determination of site occupancies and
*§1I%j( El\] EE/E% El\] E%'TZIS?E?“/LS] displacement parameters
Solve or refine magnetic structures Longer wavelength Ensure that large d-spacing peaks are observed. Spread the magnetic
7 + SN + form factor over the entire diffraction pattern
A R Y AR A
Quantitative phase analysis Usually shorter wavelength Improve the accuracy of the determination. Longer wavelengths only
N required 1f peak overlap is severe
EEMWD
Phase transitions Shorter wavelength Ensures adequate data for order—disorder or other unit-cell-enlarging
;[:E?F 7h</\;i;):‘|. transitions
7] Longer wavelength Subtle unit-cell distortion or pseudosymmetric structures

International Tables for Crystallography (2018). Vol. H, Chapter 2.3, p92.
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Search for new Functional Materials
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Powder diffraction: a useful toll for revealing
the most important structural information in materials science

Powder Diffraction

X-ray

> Neutron $ Diffraction

Structures Analysis |

Rietveld Fr7AM4H N RIEE DT AR R R

Development of Rietveld method and related software for profile analysis

ARG & 5

Easy to prepare powder sample

FERATRREKEBRNARGE

Difficulty or impossible to grow single crystal

ERARRNAE R G E

Convenient for using special environmental condition

BH P TIIHMREEHTIERE

Easy for studying magnetic structure and properties by NPD

Electron

EEYH 9T Quantitative Phase analysis
EHI¥54L Structure refinement
E X W E Chemical composition
SFRMED T Symmetry analysis
D ITITE DT Element distribution
01y, NTZES Texture, stress ...
LM IE 2-D structure
B4 Local structure...

B FEWSR Order degree
RELEFAFIMERE Magnetic structure & properties (NPD only)
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Macromolecules K49F
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Inorganic Structures T 44

Glass Ceramics WIEEE

Ceramic Materials (incl medicals) pg&f1%l
Metals and Alloys £€EfM&44

Cement 7K

Polymers and Fibers B2 &4 F14F 2
Pharmaceuticals  #%iz4

Forensic Science EERI=

Materials for Energy Storage and Conversion g&;Efi& F L i8]
Magnetic Materials oA FL

Catalysis 1k

Peroleum and Petrochemicals ARMANrTm
Superconductivity yichd

Composites E&5#E

Paint and Pigments sg;2 fugnkl

Piezo Ceramics EHEEE

Aeronautics and Space Materials fizfii K+ %]
Metal-Organic Framework £ EHIESR
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Powder diffraction positions, intensity, and structural factors for XRPD & NPD

A

.?.

Peaks Position: 2dsin@d=nA
where | is the incident beam wavelength, d and @are the distance
between successive hkl planes and Bragg angles of reflections,

respectively.

Diffraction Intensity: I, = C|F I
where |F,/? is the hkI reflection amplitude of the diffracted X-ray,

or neutron, or magnetic, and C is all others.

X-ray:  |[Fug =X f exp@zi(hx +ky + [2))[>e2"
where f; is the X-ray atomic scattering factor of atom j for X-ray.
Neutron: [F., =2 b, exp(2zi (hx +ky + 12))* =2V
where b; Is the neutron scattering length for atom J.
Magnetic: [Fn [*=2 0; fy; expzi (hx +ky + 12))[> e
where g; and fy,; are the magnetic interaction vector and the
magnetic form factor for atom j, respectively.

X-HELTH SR FLITHEFFZHE
R BN EEEEBragg I #2:
2dsind=nA

lh =ClFnul?
A C BERUEEWILERNSE F 4
MEAEF
(1) EEMEFH, BRTHTITEIE
HAFERFEEUTHIEREAR, HE
5EME XS EE M.
(2) ERFIHFP, ERFNETHIER
E—EMY TREEMNTTHE, EIb#
LEEH’E%J—/I\@S‘LE’x]?l‘ﬁ*%%?%é']@ﬁ*#’@%
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Powder diffraction positions, intensity, and structural factors for XRPD & NPD

f, (Fe), by(Fe), and f,(Fe)

N e X-SHEHE FRERT
T b(Fe)=0.954x10"*cm ] () FBERAT (i)
e P HELTHBTKK (sind/A)
115\, L B B S e B S m— NP HIR L, F{EBEESinO/\IEG
ol e los ;% AT, BT 575
a loe @ 58 5 BiE & sinO/ AL K M 3K .
151 e Lo B o, = TRTREETOIREGE
10- 5 (EREER, TEEsin0/AE
102 S fmEi, EidFeis
T T 00  kRAEDATEE.
0.0 0.2 0.4 0.6 0.8 1.0
(SINO)/A s 6.1 (1578). itroduction o the Theory of Thermal Keutron Scattering. Cambridge Uriversity press



XRPD& NPD diffraction patterns
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Intensity
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Spins order, magnetic cell, magnetic symmetry, and structure & properties
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Diffraction Peak Profile of XRPD and NPD

Add peaks: press P at maximum

Add peaks: press P at maximum
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Diffraction Peak Profile of XRPD and NPD
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Peak 2 @ 10.78722(14), area = 63689(557) ; Po ch rysta lline Peak 3 @ 48.4323(20), area = 6522(269)
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Polycrystalline FWHM=0.0835(15)
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Some scattering cross section of x-ray and neutron

H B C O Ti \ Cu Zn Pb
f, - 0 o O O O O O
4 1 5 6 8 22 23 29 30
by(fm) -0.374 0.535 0.665 0.581 -0.334 -0.038 0.772 0.580 0.940

c ® O O e . 0O o©
O O O O

O

@)
O  Positive O O
O Isotope

OO Negative

® High absorption O
BaAXFEBEFMPFELEEET (MEFHEBONERRT) Representations of the scattering of X-rays and neutrons by
1. XEELTHABREEETE NSNS FEB NG INMmIEE, RIXHZ&E selected elements. The scattering cross sections are
HEOBMEMEER T FEOE AN, Fib3 R T FERATR A HX. proportional to the areas of the circles shown. For the neutron
2. Epf%i%ﬁkﬁjrfﬁ@?%ﬁ&%ﬂ%’;ﬁt' Xﬁ)ﬁ%}%%ﬁ@ﬁ’\]xﬁmﬁjﬁg case, separate entries appear for the different isotopes and
ARARMENEE . 0B 348 T B RARCA 970 3 T X AR R negative scattering lengths are indicated by shading.
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Neutron Scattering Amplitudes b (cm'u)
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Representations of the neutron scattering amplitudes of selected elements
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Atom Atomic # b(cm12)
Ti 22 -0.3438
Vv 23 -0.0382
Cr 24 0.3635
Mn 25 -0.373
Fe 26 0.954
Co 27 0.253

Ni 28 1.03

Cu 29 0.7718
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Table 4.4.4.1. Bound scattering lengihs, b, infin and cross sections, o, in barns {1 barn

= 100 fm’) of the elemenis and their isotopes

Z: atomic number; A: mass number; Jior): spin (parity) of the nuclear ground state; o % natural abundance (for radioisotopes, the half-life is given
instead in annums); b.: bound coherent scatering length: &;: bound incoherent scattering length; 0. bound coberent scattering cross section; a;:
bound incohers scane_rh)g, cross section; o, total bound scattering cross section; o, absorption cross section for 2200ms™" neutrons (E =
2530meV, k = 3494 A7, 4 = 1.T9BA); i = J/—1.

Table 4.4.4.1. Bound scartering lengths (comnr_)

Element Z A i) © b, b, a, oA a, ag
H 1 ~3_7390(11) L7S6R(10)  BO26(6) 82.02(6) 0.3326(7)
1 12(4) 99985 ~3.7406(11} 252749} L.7SB3(10)  BO27(6) 82.03(6) 0.3326(7)
2 L(+) 0.015 6.6T14) 4.04(3) 5.592(T) 2.05(3) T.64(3) OL0005 19(T)
3 12(+) (12.32a) 479227  —LO4(1T) 2.89(3) 0.14(4) 3.03(5) o
He 2 3.26(3) 1.34(2) 0.00 1.34(2) 0.00747(1)
3 12(+) 000014 5.74Ty —2.5(6) 4. £2(10) 1.6(4) 6.004) S5333.07.)
~1.4832)  +2.568(3¥%
4 o(+) 00.90086  3_26(3) o 1.34(2) 0 1.34(2) o
Li 3 —1.90(2) 0.454(14) 0.92(3) 1.37(3) 70.5(3)
-3 L(+) 7.5 2.00011) — 1.B9(5) 0.51(5) 0.46(2) 0.97(7) S4004)
—0261(1) 0.257(1 )i
7T 32— 92.5 —2.22(3) —2.45(5) 0.615(11) 0.78(3) 1.40¢3) 0.045403)
Be 4 9 32— 100 T.T9(1) 0.12(3) 7.63(2) 0.0018(9) 7.63(2) 0.0076(8)
B 5 5.30(4) 3.5405) L7012} 524011 T6T.(8.)
0.213(2)¢
10 3(+) 2000 ~0_1(3) —4.T(3) 0 144(8) 3.004) 3 14) 3B3S.(9.)
1.066(3)i 1.231(3)¢
11 I —) B0.0 6.654) —1.302) 5.560T) 0.22(6) 5.78(9) 0.0055(33)
c I3 66460012} 5.550(2) 0.001(4) 5.551(3) 0.00350(T)
12 0(+) 9890 6.6511(16) O 5.559(3) 0 5.559(3) 0.00353(7T}
13 1i2(=) 110 6_199) ~0.52(9) 4 B1(14) 0L034(12) 4 B(14) 00137 (4)
N 7 9.36(2) 11.01(5) 0.50(12) 11.51(11} 1.90(3)
14 1(+) o9 63 9.372) 2.0(2) 11.03(5) 0.5(1) 11.53(11) 1.91(3)
15 12—} 0.37 6.443) —0L02(2) 52105) 0.00005(10)  5.21(5) 0.000024(8)
o0 8 5_803(4) 4.232(6) 0.000(8) 4.232(6) 0.00019(2)
16 O(+) o9 _T62 5_BO03(4) 1] 4 232(6) 1} 4.232(6) 0000 10(2)
17 S22+ 0.038 5_7R(12) 0.18(6) 420022} 0.004(3) 420022) 0.236(10)
18 o(+) 0.200 5_84(7) o 429010} 0 4.29(10) 0.00016(1)
F El 19 L2(+) 10 5654100 —~DLOB2(%) 401717 0.000E2) 4 01B(14) 000965}
Ne 10 4_566(6) 262007} 0.008(9) 2_628(6) 0.039(4
20 o(+) 90.51 4,63 1(6) o 2.695(T) 0 2.695(T) 0.036(4)
21 W2(+) 0.27 6.66(19)  +0.6(1) 5.6(3) 0.05(2) 5.7(3) 0.67(11)
22 0(+) 9.22 3_87(1) 0 1.88(1) 0 1.88(1) 0.046(6)
Na 11 23 W2(+) 100 3.632) 3.59(3) 1.66(2) 1.62(3) 3.28(4) 0.530(5)
Mg 12 5.375(4) 3.631(5) 0.08(6) 3.71(4) 0.063(3)
24 0(+) 78.99 5.6603) o 4.03(4) 0 4.03(4) 0.050(5)
25 S2(+) 1000 3.620(14) 14810 1.65(13) OL2B(4) 1.93(14) O 19(3)
26 o(+) 11.01 4_89(15) o 3.00(18) 0 3.00(18) 0.0382(8)
Al 13 27 S2(+) 10 3 44%5) 0.256(10) 1. 495(4) 0.00B2(T) 1.503(4) 0.23103)
si 14 41491010} 2.1633(10) 0.004(8) 2. 167T(8) 0.171(3)
28 o(+) 92.23 4.107(6) o 2.12006) 0 212006} 0.177(3)
29 L2(+) 4.67 4.70(10) 0.0%(9) 2.78(12) 0.001(2) 2.7B(12) 0.101(14)
30 o(+) 3.10 4_58(8) o 2.64(9) 0 2.649) 0.107(2)
P 15 31 L2(+) 100 5.13(1) 0.2(2) 3.307(13) 0.005(10) 331216} 0.172(6)
s 16 2_847(1) LO1S6(T) 0.007(5) 1.026(5) 0.53(1)
32 0(+) 95.02 2_804(2) 0 09880(14 0 0.9880(14) 0.54(4)
33 W24+ 0.75 4.74(19) 1.5(1.5) 2.8(2) 0.3(6) 3_1(6) 0.54(4)
34 o0(+) 4.21 34803} o 1.52(3) 0 1.52(3) 0.227(5)
36 0(+} 0.02 341V E o 1.1(8) 0 1.1(8) 0.15(3}

Element £ A Iim) © [ i, a, [: A o, ,
Cl 17 9_5TTE)Y 11.526(2) 53(5) 16.8(5) 33.5(3)
35 32(+) T5.77 11.65(2) 6. 1(4) 17.06(6) 4.7(6) 21.8(6) 44 14y
37 32(+) 24.23 3.08(6) LR TS M) 1.19(5) 0.001(3) L 19(5) 0.433(6)
Ar 18 1_9096) 0_458(3) 022(2) 0.683(4) 06T5(9)
36 O(+) 0337 24 90T 1] TT.54) o TT 94y 5.2(5)
38 O(+) 0.063 3.5(3.5) 1] 1L.53.1) o 153 1) 0.B(2)
40 O(+) 99 600 1_B30i6) 1] 0. £21(3) L) 0. £21(3) 066009
K 19 3.6T(2) 1.69(2) 027(11) 1.96(11) 2.1(1)
39 32(+) 93 258 3742 1.4{3) 1.76(2) 025(11) 2.01(11) 2.1(1)
40 A=) 0012 3(1)E 1. 1(8) 0.5(5) 1.609) 35.(8.)
41 32(+) 6730 2_69(8) 1.5(1.5) 0.91(5) 0.3(6) 1.2(6) 14603)
Ca 20 4702} 2.TB(2) 0.05(3) 2_B3(2) 0.43(2)
40 O(+) 96.941 4By L 2.90(2) 1] 2.90(2) 0.41(2)
42 O(+) 0.647 3360100 L 1.42(8) 1] 1.42(8) 0.68(T)
43 W2} 0.135 —1.56(% O304 0.5(5) E 0.8(5) 6.2(6)
44 O(+) 2.086 1.42(6) o 0.25(2) 1] 0.25(2) O.BB(5)
46 O(+) 0.004 3.602) o 1.6(2) 1] 1.6(2) O.T4HTy
48 O(+) 0187 039095 1] 0_019(9) o 00199} L0914
Sc 21 45 T2(—) 10y 12.29(11) —6 0(3) 19.003) 4.5(5) 23_5(6) 27.5(2)
Ti 22 ~3_3TO(13) 1227011y 2.63(3) 4.06(3) 6.43(6)
46 O(+) B.2 4. T25(5) 1] 2_BN6) o 2_BOM{6) 0.59(18)
47 52(=) T4 3.53(T) —~3.5(2) 1.57(6) 1.5(2) 3. 12) L7(2)
48 O(+) R —5.B6(2) 1] 4 32(3) o 4 32(3) B.30(9)
49 T2(=) 54 0_98(5) 5.102) 0.12(1) 3.3(3) 3.43) 2.2(3)
50 O(+) 52 S5_BB(10) 1] 4 3415) L) 4 34015) 01793
v 23 —0_ 3824(12) 0.01838(12) 5.08(6) 5.10§6) 5.08(2)
50 6(+) 0250 T.6(6) T 311} 0.5(5) E T EB1.0) 60.(40.)
51 T2~y o0 _T50 —0_402(2) 6435048 0.0203(2) 5.07(6) 5.0906) 4.901)
Cr 24 3.635(T) 1_66006) 1L.B3(2) 3.49(2) 3.05(8)
50 O +) 4.35 —4 5005} 1] 2.546) L 2546} 15.8(2)
52 O(+) 83.79 49200 10) o 3.042(012) 1] 3.042(12) 0. T6(6)
53 32—) 9.50 —4.20(3) G EBT(10 222(3) 593017y B.I5(1T) 18.1(1.5)
54 O+) 2.36 455100 o 2.60011) 1] 2.60(11) 0.36(4)
Mn 25 55 SI(—) 100 ~3_TSO18) LT9(4) 1L.77(2) OL42) 2.17(3) 13.3(2)
Fe 26 G_452) 11.22(5) 04001 1) 11.62(10) 2_56(3)
54 O(+) 58 4201 1] 22(1) o 2.2(1) 2.25(18)
56 O(+) 91.7 9.943) 1] 12 42(7) o 12 42(7) 259014
57 Li(—) 22 2.3(1) 0L66(6) 0.3(3) E 1.O(3) 2_4R(3m)
58 O(+) 0.3 1547 1] 2B.26.) o 2B.26.) 1_2B(5)
Co 27 59 W2} 100 2.492) —6.2,(2) 0.7T13) 4.B(3) 5.6(3) 37.1B(6)
Ni 28 1030y 13 3(3) 5.2(4) 1B 5(3) 4.49(16)
58 O(+) 68.27 14 400) o 26.1(4) o 26.1(4) 4.6(3)
60 O(+) 26.10 2_B(1) o 0.9%T) o 0.9%(T) 2.9(2)
6l 32—} 1.13 T.6006) +3 .9(3) T26011) 1.9(3) 92(3) 2_5(8)
62 O(+) 359 —~B.T(2) (1] 9.5(4) L) G504) 14_5(3)
[ O(+) 0.91 —0_37(T) (1] 001T(T) L) 0017(T) 1.52(3)
Cu 29 T T18(4) TARS(B) O.55(3) BOG(3) 3_TB(Z)
63 32(—) 6917 6.43(15) 0.22(2) 5.22) 0.006(1) 5.22) 4. 5002)
65 3/2(—) 3083 10.61(19) L7910} 14_1(5) 04004y 14 5(5) 2.17(3)
Zn 30 5.60(5) 4.054T) 00TT(TY 413 1010) L112)
o4 O(+) 4B.6 522(4 o 3.42(5) 1] 3.42(5) 0.93(9)
&6 O(+) 27.9 5.97(5) o 4 4B(B) 1] 4 4RB(B) 0.62(6)
&7 5/2(—) 4.1 T.56(8) —L.50(T) T 18(15) 028(3) 7.46(15) 6.B(B)
68 O(+) 18.8 6.03(3) 1] 4 _5T(5) o 4_5T(5) L1y
70 O(+) 0.6 6 (1) E 1] 4. 51.5) o 4. 51.5) 0.092(5)

International Table for Crystallography, Vol. C, Third Edition, Edited by E. Prince,(2004). P445-451.




Table 4.4.4.1. Bound scartering

————

lengths (conr.)

Table 4.4.4.1. Bound scatering lengihs (conr.)

Element Z A Iim) o B, B, a, A a, a, Element Z A Iy L b, .2 a, o, @, a,
Ga 31 7.28B@) 6.6T5(4) 0.16(3) 6.83(3) 2.75(3) Ru 44 T.03(3) 6.21(5) 0.4(1) 6.6(1) 2.56(13)
69 320 601 7.BB(Z) —D.RS(5) 7.BO(4) 0.091(11) 7.89(4) 2 1B(S) 96 0(+) 5.5 0 o 0.28(2)
71 32 39.0 6.40(3) —0.82(4) S_15(5) 0.084(8) 5.23(5) A61(10 gg SJQDE-? |5'3 g o0y o <8.0
+ - - A
Ge 32 8.18520) B.42(4) 0_18(7) 8 _6006) 2.2004) 100 0(+) 12.6 0 o 4_8(6)
70 0(+) 20.5 10.0(1) 1] 12.6(3) 1] 12.6(3) 30021 101 S52(+) 17.0 3.3(%)
72 o[ +) 27.4 B.51(10) o 9.1(2) o 912y 0.8(2) 102 0(+) T 0 o 1.17(T)
T3 92(+) T8 5.02(4) 3.4(3) 3_AT(E) 1.5(3) 4.7(F) 15.1(4) 104 0(+) 18.7 0 o 0.31(2)
74 0(+) 36.5 7.58(10) o 7.2(2) o 7.2(2) 0.4(2)
76 00+ 78 8.21(1.5) o 8.5 o 8.(3.) 0.16(2) Rh 45 103 12(=) 100 5_BR(4) 4.34(6) 0.3(3) E 4.603) 144 8(7)
As 395 3 100 6.58(1) —0.69(5) 5.442) 0060(10  5.5002) 4.5(1) b e o) L os g:?{'%ﬁ}g o jzgﬁ'ﬁ:} 0.0530% ::;ﬁ?j} 3‘33{{3
S 7.9700) rme one sme 1o 4 D ml TIOE 0L IMS 0. 188 20
74 O(+) 0.3 0.803.0) 0 0.1(6) 0 0.1(6) S1.8(1.2) 106 0(+) 27.33 6.4(4) o 5.1(6) o 5.1(6) 0.304(29)
L O(+) 2.0 12.2(1) 0 18.%3) 0 18.793) B5.(7.) 108 O(+) 26.46 4.1(3) 0 2.1(3) 0 2.1(3) 8.5(5)
77 1/2(—) 7.6 8.25(8) +0.6(1.6) 8.6(2) 0.05(26) 8.65(16) 42.(4.) 10 o) 1172 T ITE o 7514 o 75014 0236031
78 0(+) 23.5 8.24(9) o 8.5(2) o 8.5(2) 0.43(2) - . B B :
80 0(+) 49.6 7 48(3) o 7.03(6) o 7.03(6) 0.61(5) Ag 47 5.9227) 4.407(10) 0.58(3) 4.9903) 63.304)
52 O(+) 9.4 6.348) 0 5.05(13) 0 5.05(13) 0.044(3) 107 12(—) 51.839 7.555(11) 1.00(13) 717(2) 0.13(3) 7.30(4) 3T.6(1.2)
Be . 6.795(15) 5.80(3) 0.10(9) 5.909) 692 109 1/2(—) 48_161 4 165(11) — 160013} 2_1R(1) 032(5) 2_50(5) 910010}
79 32(—) 50.69 6.80(7) —1.1(2} 5.81(12) 0.15(6) 5.96(13) LLO(T) cd 48 4.87(5) 3.04(6) 346013) 6.50(12)  2520.(50.)
81 3/2(=) 4931 6.79(T) 0.6(1) 5.T9(12) 0.05(2) 5_B4(12) 27(2) —0.70(1)i
106 0(+) 1.25 520 E o 3.12.5) o 3125 1
Kr 36 T.81(2) T.67(4) 0.01(14) T.68(13) 25.01.) 108 o0+) 089 5.4(1) ] AT ] 3.7(1) 1.1(3)
78 0(+) 0.35 o o 6.4(9) 110 00 +) 12.51 5.9(1) 1] 441 1] 441 11.(1.)
80 0(+) 2.25 o 1] 11.8(5) 111 L2(+) 12.81 6.501) 5.3(2) 0.3(3) E 5_6(4) 2403
82 O(+) 1L.6 o o 29.20.) 112 00+) 24.13 6.4(1) o 5.102) o 5.12) 2.2(5)
83 92(+) 11.5 185(30.) *113 12(+) 12.22 —~B.0(2) 12.1(4) 0.3(3) E 12 .4(5) 20600(400_)
B4 o+) 570 0 1] 0.113(15) —5. T3
B6 (+) 17.3 B.1(2) 0 B.2(4) o B.2(4) 0.003(2) 114 0(+) 28.72 7.5(1) o 7.2 0 7.1(2) 0.34(2)
116 747 6.3(1 o 5 o 5 0.0T5(13
Rb a7 7.09(2) 6.32(4) 0.5(4) 684 0.38(4) o+ KD o2 s K13)
8BS  5/2(—) 7217 7.03(10) 6.2(2) 0.5(5) E 6.7(5) 0.48(1) In 49 4.D6520)  2.08(2) 0.54011) 2.62(11) 193.8(1_5)
BT 3/2(—) 2783 7.23(12) 6.6(2) 0.5(5) E 7.1(5) 0.12(3) —D_053H4)
113 W2(+) 43 5_30(6) +OOLT(1) 3_65(B) 000003AT(S)  3.65(8) 12.0(1_1)
Sr 38 7.02(2) 6.19(4) 0.06(11) 6.25(10) 1.28(6) 115 92(+) 957 4.01(2) —2.1(2) 2.02(2) 0.55(11) 2571 202(2)
B4 0(+) 0.56 TAL)E o 6.2} o 6.(2.) 0.B7(T) —D_0S626)
86 0(+) 9.86 5.67(5) o 4.04(7) o 4.047T) LO4(T)
87 Y2+ 7.00 T.40(T) 6.88(13) 0.5(5) E T.45) 16.(3.) Sn 50 6.225(2) 4. BTON3) 0.022(5) 4 B92(6) 0.626(%
B8 O(+) 8258 7. 15(6) (1] 6.42(11) (1] 6.42(11) 0.058(4) 112 O+) 1.0 6.1(1.) E o 4.5(1.5) o 4.5(1.5) LOL(11)
114 0(+) 0.7 6.2(3) o 4.8(5) o 4. 8(5) 0.114(30)
Y 39 ] L/2(=) 100 7.75(%) 1L.1(3) 7.55(4) 0.15(8) 7.9 1.28(2) : :g l%{{ﬂ; Ig-‘; 2%35}5 E.S(I -5) g.z_’g‘f ;.B(I .5} 33{;;{?} 0.1503)
+ < u « « .
Zr 40 7.16(3) 6.445) 0.02(15) 6.46(14) 0.185(%) 117 12(+) 7.7 6_48(5) 5.2R(R) 0.33) E 5.6(3) 2.3(5)
90 0(+) 51.45 6.4(1) o 5.1(2) o 5.1(2) 0.011(5) 118 0(+) 243 6.07(5) o 4.63(8) o 4. 63(8) 0.22(5)
91 S2(+) 11.32 B.T(1) — 1.OB(15) 9.5(2) 0.15(4) 9.7(2) L17(10) 119 12(+) g6 6_12(5) 4.TLE) 0.33) E S5.0(3) 2.(5)
92 0(+) 17.19 T.42) o 6.904) o 6.9(4) 0.22(6) 120 0(+) 2.4 6.49(5) o 5.29(8) o 5.20(8) 0.14¢3)
94 0(+) 17.28 8.2(2) o 8.4(4) o 8.4(4) 0.049924) 122 o0+) 4.6 S5_T4(5) o 41T o 4.14(7) 0.18(2)
96 o[+) 2.76 5.5(1) o 3B o 3B 0.0229(10) 124 0(+) 5.6 5.97(5) o 4 4R(B) o 4 4R(B) 0.133(5)
Nh 41 93 92(+) 100 7.054(3) —0L139(10) 6.253(5) 0.0024(3) 6.255(5) 1.15(5) Sh 51 5.57(3) 3.90(4) OLOD(TY 3.90(6) 4.91(5)
121 T2(+) 57.3 5716 —0.05(15) 4.10(9) 0.0003(19)  4.10(9) 57512
Mo 42 6.7152) 5_6T(3) 0.04(5) 5. T4 2.48(4) 123 S2(+) 42.7 5.38(T) —0.10(15) 3.64(9) 0.001(4) 36490 3.8(2)
92 0(+) 14.84 6.91(8) o 6.00(14) o 6.00(14) 0.019(2)
94 0(+) 9.25 6.80(T) 0 5.81(12} 0 5.81(12} 0.015(2) Te Sa 120 . 0.096 gg‘ﬂf} o ;-Bf‘“ g.ut}(n ;-3"-{‘” ;‘-253{5)
95 S2(+) 15.92 6.91(6) 6.00(10) 0.5(5) E 6.5(5) 13.1(3) 122 ﬁﬁ 260 33€2§ a |gg‘: b Ig‘g 3'4£5§
26 o+ 16.68 5.2046) o 4.83(%) o 1.83(%) 0.5(2) 123 12(+) 0.008 0.05(25) 2 04(9) 0.002(3) 0.52(5) 0.52(5) 418(30.)
97 S2(+) 9.55 7.24(8) 6.59(15) 0.5(5) E 7.1(5) 2.5(2) C - o8 Igjw —2.049 -0024 ( -2 30-
98 0(+) 24.13 6.58(7) o 5.44012) o 5.44012) 0.127(6) Iy
124 o(+) 4. 816 7.96(10) o B.0(2) o 8.0(2) 6.8(1_3)
100 0(+} 9.63 6.73(7) o S-6(12) o S-6(12y 0.42) 125 120+ 714 5.02(8) —0.26(13) A_IT(I0) 0.00R(B) 3_1B(10) 1.55016)
Te a3 126 o[+) 18.95 S_56(T) o 3_RR(10) o 3_RR(10) 1.04(15)
128 0(+) 3169 5.89(T) o 4360100 o 4360100 0.215(8)
99 W2+) (2.13x10%a) 6.8(3) 5.8(5) 0.5(5) E 6.3(7) 20.(1.) 130 0+ 3380 0207 o 55011) o 55011) 0.29(6)




Table 4.4.4.1. Bound scartering lengths (coni.)

Table 4.4.4. 1. Bound scattering lengths (cont.)

Element Z

A

Ty © b, by a, y oy Ta
1 53 127 S@(+) 100 5.28(2) 1.58(15) 3_50(3) 031(6) 3_81(T) 6.15(6)
Xe 54 4.92(3) 304 23.9(1.2)
124 O(+) 010 0 1] 165.(20.)
126 O(+) 009 o 1] 3.5(8)
128 O(+) 1.91 o o = B
129 L2(+) 26.4 2145
130 O(+) 4.1 o o = 26
131 320+ 21.2 B5.(10.)
132 O(+) 26.9 0 1] 04506
134 O(+) 10.4 L1} 1] 0. 2650200
136 O(+) 8.9 o 1] 0.26(2)
Cs 55 133 T2(+) 100 5.42(3) 1.29(15) 3_69(3) 021(5) 3_90(6) 29.0(1.5)
Ba 56 50703 3. 2540 0.15(11) 3380100 L1{1}
130 O(+) o.11 —3.6(6) L1} 1.6(5} L1} 1.6(5} 305
132 O(+) o010 T.B(3) o 7606} o 7606} T.M8)
134 o(+) 2.42 57(1) o 4.08(14) o 4.08(14) 2.0(1.6)
135 3/2(+) 6.59 4.67(10) 2.74(12) 0.5(5) E 3.2(5) 5.8(9)
136 O(+) 7.85 4. 91(8) o 3050100 o 3050100 0.68(1T)
137 320+ 11.23 6_83(10% 5.86017) 0.5(5) E 6. 45) 3.602)
138 O(+) T1.70 4 _B4UEB) 0 2940107 0 2940107 027 14)
La 57 B. 244 B.53(8) 1.13(19) S9.66(17) B.97(5)
138 S(+3) 0.09 8.2.) E 8.(4.) 0.5(5) E 8.5(4.0) 57.(6.)
139 TR2(+) oo 91 B 244 0(2) B.53(8) 1.13(15) So66(17T) B.93(4)
Ce 58 4.B4(2) 2.9402) 0.00(10) 2.9410) 06304
136 O(+) 019 5_BO(%) 1] 4. 23(13) o 4. 23(13) T.3(1.5)
138 o(+) 0.25 6.7009) o 5_64(15) o 5_64(15) 1.1(3}
140 O(+) BB 48 4 B9 1] 2094011 o 2094011 0574
142 O(+) 11.08 4 T5(% 1] 2811 o 2811 0.95(5)
Pr 59 141 S520+) 104y 4.58(5) ~035(3) 2.6406) 0.015(3) 2.6606) 11.5(3)
Nd &0 7.69(5) 7.43(10) 92(8) 16.6(8) 50.5(1.2)
142 00+ 27.16 7.7(3) o 7506} o 7506} 18.7(7)
143 TI2(=) 12.18 425 E +21.1(6) 257 55,70 BO.(2.) 334.010.)
144 O(+) 23 80 2_8(3) 0 1.2y 0 1.2y 3.6(3)
145 T2(=) 8.29 14.2(5) E 2547 5(5)E 30009y 42.(2.)
146 O(+) 17.19 8.7(2) o 9504} o 9504} L4}
148 o(+) 5.75 5.7(3) o 4104} o 4104} 2.5(2)
150 o(+) 5.63 5.3(2) o 3.5(3) o 3.5(3) 1.2(2)
Pm [
147 TR2(+) (2.62a) 12_604) +32(2.5) 20.0(1.3) 132.0% 21.31.5) 168.4(3.5)
Sm 62 0.B0(2) 0.422(9) 39030 3930 5922.(56.)
—1.65(24
144 O(+) 3l =340 E o 1.(3.) o 1.(3.) 0.7(3)
147 TI2(=) 151 14030 1007 25.11.) 14019 39(16.) 57(3.)
148 O(+) 11.3 3440 E o 1.3.) o 1.(3.} 2.4i6)
=49 TI2(=) 13.9 —~19.2(1) +3L46) 63.5(6) 13750 200.5.) 420800400,
— 11T —10.3(1)
150 O(+) T4 143 o 25(11.) o 25(11.) 10444}
152 O(+) 26.6 ~5.0(6) o 3108y o 3108y 206.(6.)
154 O(+) 22.6 G310 0 1.2 0 1.2 8.4(5)
Eu 63 T22(2) 6.75(4) 2504 9.2(4) 45300040}
—1.26(04
=151 S2(+) 478 6.13(14)  +4.5(4) 5.5(2) 3.1(4) 844 S100(100.)
~2.53(3u ~2 1402u
153 S520+) 522 8.22(12) +3.2(9%) B.5(2) 13(T) QBT 31247

Element Z A i) « b, b, o, A a, ag
Gd 64 6.5(5) 20.3(8) 151023 180.(2.) 49700.(125.)
~13.82(3u
152 0(+) 0.2 0.3} E 0 13.(8.) o 13.(8.) 735.20.)
154 o(+) 2.1 10.(3.) E 0 13.(8.) o 13.(8.) 85.(12.)
*155 32— 148 6.001) +5(5) E 40.8(4.) 25.46.) 66.(6.) 61100.(400.)
—17.001) —13.16(9)
156 o(+) 20.6 6.3(4) 0 5.0(6) o 5.006) 1.5(1.2)
*157 3/2(=) 15.7 =112y +5(5) E 65004 39470 1044 (B) 259000.(700.)
~TL92N 55BN
158 O+) 248 2.42.) o 10.(5.) 1] 10.(5.) 2.2(2)
160 0(+) 21.8 9.15(5) 0 10.52(11) o 10.52(11) 0.77(2)
Th 65 159 32(+) 100 T38(3) ~0. 17Ty 6.B46) O004H3) 6.BHE) 23.44)
Dy 66 16.9(2) 35.9(8) 544(1.2)  90.3(9) 994.(13.)
—0. 27604
156 0(+) 0.06 6.1(5) 0 4.7(8) o 4.7(8) 33.3.)
158 O+) 0.10 6.(4.}E o 5.(6.) 1] 5.6 43.(6.)
160 O(+) 254 6.7(4) L] 5.60T) 1] 5.6(Ty 56.(5.)
161 S2(+) 19.0 10.3(4) 4 9(8) 13.3(1.00 301 16.(1.) 600.(25.)
162 o(+) 25.5 —1.4(5) 0 0.25(18) o 0.25(18) 194.(10.)
163 S =) 249 5.004) 1.3(3) 3.5 0.21(10) 3.3(5) 124.(7.)
164 0(+) 28.1 49_4(5) 0 307.3.) o 307.G3.) 2840.(40.)
~0.79(1n
Ho 67 165 TI2A—) 100 8.01(8) —1.70(8) 8.06(16) 0.36(3) 8.42(16) 64.7(1.2)
Er 68 7.79(2) T.63(4) L1(3) 8.7(3) 159.(4.)
162 o(+) 0.14 8.8(2) 0 9.7(4) o 9.7(4) 19.(2.)
164 O0+) 1.56 B.2(2) L] 8.4(4) 1] B.4(4) 13.02.)
166 0(+) 33.4 10.6(2) 0 14.1(5) o 14.1(5) 19.6(1.5)
167 T2A+) 29 3.003) 1.03) 1.1(2) 0.13(8) 1.2(2) 659.(16.)
168 O0+) 27.1 T44) 0 68T 1] 6. 9Ty 2.748)
170 0(+) 14.9 9.6(5) 0 11.601.2) o 11.6(1.2) 5.8(3)
T 69 169 L2(+) 100 T.0T(3) 0.9(3) 6.28(5) 0. 10(T) 6_38(9) 100.(2.)
Yh 70 12.43(3) 19.42(9) 4.002) 23.05(18) 34.8(8)
168 0(+) 0.14 —4.07(2) 0 2.13(2) o 2.13(2) 2230.(40.)
—0.62(1)i
170 O+) 3.06 6. 77010} 5.82) 1] 5.B(2) 1410
171 1) 143 9.66(10)  —5.59(17) 11.72) 3.9(2) 15.6(3) 48 6(2.5)
172 O+) 219 9.43(10) o 11.2(2) 1] 11.2(2) 0.8(4)
173 S/2=) 16.1 95607y ~5.3(2) 11.5(2) 3.5(3) 15.004) 17.1(1.3)
174 0(+) 318 19.3(1) 0 46 8(5) o 46_8(5) .4(5.0)
176 o(+) 12.7 8.72(10) 0 9.6(2) o 9.6(2) 2.85(5)
Lu 71 7.213) 6.53(5) 0.7(4) 7.2(4) TA(2.)
175 T2(+) 97.39 7.2403) +22(T) 6.59(5) 0.6(4) 7.2(4) 213
*176 (=) 2.61 6.1(1) +3.004) 4.72) 1.2(3) 5.5(4) 2065.(35.)
—O5T(i +06101H
Hr 72 T.TT(14) 7.6(3) 2.6(5) 10.2(4) 104.1(0.5)
174 o(+) 0.2 10.9(1.1) 0 15.3.) o 15.(3.) 561.(35.)
176 O0+) 5.2 6.61(18) L] 5.5(3) 1] 5.5(3) 23.5(3.1)
177 T2A=) 18.6 0.8(1.0) E  +09(1.3) 0.1(2) 0.1(3) 0.22) 373.010.)
178 o(+) 27.1 5.9(2) 0 4.4(3) o 4.4(3) B4.(4.)
179 92(+) 13.7 T.46016) +1.06(8) T.0(3) 0.1442) T 13y 41.(3.)
180 0(+) 35.2 13.2(3) 0 21.9(1.0) o 21.9(1.0) 13.04(7)
Ta 73 6.91(T) 6.00(12) 00117 6.01(12) 2006(5)
=180 9(—) 0.012 T2IE 6.2(3.5) 0.5(5) E 7.4 563.(60.)
181 T2(+) 99 988 63T —0.29(3) 6.00(12) 0.011(2) 6.01(12) 20.5(5)




Table 4.4.4.1. Bound scartering lengths (conr.)

Element Z A I} © b, b, @, LA -4 a,

W 74 4_B6(2) 2.97(2) 1.63(6) 4.6M6) 18.3(2)
180 O +) 0.1 SU30E 1] 34 1] 34 300020.)
182 o+) 26.3 6.97(14) 1] 6.10(T) ] 6.10(T) 2007(5)
183 12(=) 14.3 6.53(4) 5.36(7) 03(3) E 5.7(3) 10.1(3)
184 o+) 30.7 T 4B(6) o T.03(11) 1] T.03(11) L7y
186 +) 28.6 0.T2(4%) o 0.065(T) o 0.065(T) 37.9(0.6)

Re 75 9.2(2) 10_6(5) 0.9(6) 11.5(3) BO.7(1.00
185 S2(+) 37.40 9.0(3) +2.0(1.8) 10.2(7) 0.5(9) 10.7(6) 112.2.)
187 52(+) 62_60 9.3(3) +2 B(1.1) 10.%7) 1.0(8) 11.904) T6.41.0)

Os 76 10_7(2) 14 45) 0_3(8) 14_T7(6) 16.004)
184 O+) 0.02 102} E 1] 13.05) ] 13.05) 3000.(150.)
186 +) 1.58 11.6(1.7) 1] 17.(5.) o 17.(5.) BO.(13.)
187 1/2(=) 1.6 0.2 E 13.(5.) 0.3(3) E 13.(5.) 3200(10.)
188 +) 13.3 T6(3) 1] 7.3(6) 1] 7.3(6) A4.T(5)
189 32—) 16.1 10.7(3) 14 48) 05(5) E 14 909) 25(4)
190 O+) 26.4 11.0(3) 1] 15.2(9) 1] 15 2(B) 13.1(3)
192 +) 41.0 11.5(4) 1] 16.6(1.2) 1] 16.6(1.2) 2001}

I 77 10.6(3) 14.1(8) 043} 14.(3.) 425.3(2.4)
191 AR+) 373 954.(10.)
193 32(+) 627 11L(5.)

Pt 78 9600 1) 11.58(2) 013(11) 117111y 10.3(3)
190 +) 0.01 90100 1] 10.2.) ] 10.(2.) 152.(4.)
192 O +) 0.79 99(5) 1] 12.3(1.2) 1] 12.3(1.2) 10.D(2_5)
194 o+) 32.9 10_55(8) il 14.2) ] 14.02) 144019
195 1/2(=) 33.8 B.B3(9) LOO1T) 9.82) 0.13(4) 9.9%2) 27.5(1.2)
196 o+) 253 9_B9(E) o 12.3(2) o 12.3(2) 0.72(4)
198 +) 7.2 T-B(1) 1] T N2y o 7.6(2) 366019

Au 79 197 32(+) (L1] T63(6) 1L.84(10) 7.32(12) 0.43(5) T.75(13) GB.65(9)

Hg B0 12.692(15) 20.2445) 6.6(1) 26.8(1) 372.3(4.0)
196 +) 0.2 30.3(1.00 1] 115(8.) 1] 115(8.) 3080(180.)
198 O+ 10.1 1] 1] 2.03)
199 172(=) 17.0 16.9(4) +15.5(8) 36.2.) 3043.) 66.(2.) 2150.(48.)
200 +) 23.1 1] 1] <60,
201 3/2(=) 13.2 T.B2.0)
202 +) 29.6 1] ] 4. B9(5)
204 O +) 6.8 1] 1] 043 10)

Tl 81 B.TT6(5) 9.678(11) 02115y 9.B9(15) 3.43(6)
203 L2(+) 26524 6.99( 16) 1.06(14) 6. 1428) O l44) 6.28(28) 11.442)
205 L2(+) T0.476 9.52(7y 0.242(17) 11.39(17) 0.007(1} 11.40(17) 0. 104017}

Pb 82 94053y 111157 000300 T) 111187 01712
204 O +) 1.4 O_S0( 10y 1] 12.3(2) 1] 12.3(2) 0L65(T)
206 o+) 241 9.22(5) ] 10_68(12) 1] 10_68(12) 0.03044E8)
207 1/2(=) 22.1 9.2B(4H) 0. 14(6) 10.82(9) 0.002(2) 10.82(9) 0.699( 10}
208 O(+) 52.4 9_5002) o 11.345) o 11.345) DL B3 )

Bi B3 200 Or2(—) (11 B_5322) 02590 15) G 14B(4) O ODEA4 10y 9 156(4) OLD33B(T)

Po 84

At 85

Rn B6

Fr BT

Ra BR
226 o+) (1,60 10¢a) 10.0¢1.0) 1] 13.03) 1] 13.03) 12.8(1.5)

Table 4.4.4.1. Bound scatiering lengihs (coni.)

Element Z A i) c b, b, a, a; @, a,
Ac B9
Th 90 232 0+) 100 10.31(3) L] 13.36(8) 1] 13.36(8) 7.3706)
Pa 91
231 312(=) (3.28= 10*a) 9.1(3) 1 0. 4Ty 0.1(3.3) 10.5(3.2) 200.6(2.3)
u 92 B.41T(5) B.O03(11) 0.005(16) B.O0B(11) T.57(2)
233 520(+) (1.59: 107a) 10.1(2) +1.3.) 12_8(5) 0.1(6) 12.9(3) ST4.T7(1.00
234 o(+) 0.005 12.4(3) 1] 19.3(9) 1] 19.3(9) 100.1(1.3)
235 TI2(~) 0.720 10.47(3) +1.3(6) I3 78(11) 0.2(2) 14.0(2) 680.9(1.1)
238 o(+) 99.275 B.402(5) 1] B.BTL(11) 1] B.BTI(11) 2.68(2)
Np 93
23T 52(+) (2. 14 % 10°a) 10.55(10} 14.0(3) 0S(5)E 14.5(6) 175.9(2.9)
Pu 94
238 0+) (B7.74a) 14.1(5) 1] 25.00(1.8) 1] 25.00(1.8) 55B.(7.)
239 12(+) (2.41x10*a) 7.7(1) +1.3(1.9) 7.5(2) 0.2(6) 7.76) 1017.3(2.1)
240 0+) (6.56=107a) 3.5(1) 1] 1.54(9) 1] 1.54(9) 289.6(1.4)
242 0+) (3.76x10Fa) B.1(1) 1] B.2(2) L] B.2(2) 18.5(5)
Am 95
243 5/2(=) (7.37=10%a) 8.3(2) +2(7) B4y 0.3(2.6) 9.0(2.6) T5.3(1.8)
Cm 96
244 o(+) (18.10a) 9.5(3) 1] 11.3(T) 1] 11.3(T) 16.2(1.2)
246 o(+) (4. 7=100a) 9.3(2) 1] 10.9(5) 1] 10.9(5) L36(17)
248 0(+) (3.5=10°a) T7.7(2) 1] 7.5(4) 1] 7.5 3.00(26)
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Comparison the Application of XRPD and NPD

- FFEXHE S (Neutron Advantage)
R¥FE AEIEE (Comparable intensity at High-Q)
RZRITEAME M HHE(Position & occupancy for
Light elements)
RS ERERBITE 2% 5 514 (Distinguishing
neighbor transition & rear-earth elements)

HE X 5B EREFHEEM/] (Smaller correlation

between occupancy and temperature factor)
B R RMYE, #MEHEMEE (Ordered magnetic
symmetry & structure and properties)

ZFiE 138 (Strong penetration)

h F483F % # (Neutron Disadvantage)
£r545R E{X (Lower intensity)
AN PE{K (Lower Resolution)
ERHEREZ (Larger sample required)
fFiE2  (High cost)

Phase identification & structure transition

:

Structure determination & refinement

Composition, symmetry analysis

Chemical order-disorder analysis

Light elements detection (H/D, Be, Li, B, C, O, F)

Magnetic, temperature, and pressure dependence

Site contribution, doping, substitution, & mixture

Magnetic structure and property

—> ——
NPD — XRD&NPD

Recommend combined

V Vy Vy Vy Vv




Metal-organic frameworks (MOFs)

Inorganic SBU Organic SBU 3D network
(SBU: secondary building unit)

connector linker

¢ Modular synthesis: hydrothermal or solvothermal methods
¢ Well-defined structure: crystal with uniform pore geometry
¢ \ersatile chemistry: various metal clusters and organic linkers possible
- Tunable pore size
- Tunable functionality
¢ Gas-adsorption related applications: gas storage, gas separation etc.
*Omar M. Yaghi et al., Nature 402, 276 (1999).




Some prototypical MOFs

MOF-5 ZIF-8 MIL-53

(Metal Organic Framework-5) (Zeolitic Imidazolate Framework-8) (Materials of Institut Lavoisier-53)

Zn0O,+(C,H,)-(CO,), ZnN,+(C;N,H,)-CH, AlO +(C,H,)-(CO,),
(Yaghi’s group) (Yaghi’s group) (Férey’s group)

Large sphere:
the void/pore
in the structure




MOFs with open M coordination sites

Mn,CI-MOF HKUST-1 MOEF-74
(Mn,Cl);(btt)g / Mn,CIC,,HgN,, Cus(btc), / CusCy,H,04 Zn,(dhtp) / Zn,CgH,0,

Mn: unsaturated Cu: unsaturated Zn: unsaturated

(Long’s group) (Williams’s group) (Yaghi’s group)



MOF 544 F R PE R R

Study of Vacancy in MOF

— PNHEANZIEMOF, BB EEZINEYETT, BEEHEE—ROMOFFIAEEZENATELN
b, PFEHRIAZENEWHORENE . XEESFNSEFIREIEIB{EKR20%, BERIXF
MOFEM P TR KENE M. BERTESXFELTE FHF5E XN S M HFE.

¢ Zr-UlO-66: an important prototypical Zr-based MOF; each metal center connected to
12 linkers. Because of its high framework connectivity, it exhibits exceptional chemical,
thermal, and mechanical stabilities not commonly found in other MOFs.

Zri 2

BDC linker
(Lillerud’s group)

¢ Along-standing myth about this MOF: The experimental pore volume is ~20% higher
than the theoretical value, suggesting that this MOF might contain significant amount of
vacancy defects. However, synchrotron XRD data fit nicely with the ideal crystal structure.

H. Wu, T. Yildirim, W. Zhou*, J. Phys. Chem. Lett., 4, 925-930 (2013).
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Neutron solved the myth in Zr-UiO-66
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Neutron solved the myth in Zr-UiO-66

RFMARLIH T EDITAMAERNEF R B &E
BRI TEYVE T AEERINI2A, HT
XNEUTHBREFRETRI S ESMA, ALk
REERMET — AR RETEZANNE
V2T,
Neutron diffraction shows that Zr-UiO-66
contains significant amount of missing-linker
defects, which effectively reduce the framework
connection from 12 to 11. (In contrast, x-ray
diffraction is dominated by scattering from heavy

element Zr, and thus is much less sensitive to
linker vacancies.)

H. Wu, Y. S. Chua, V. Krungleviciute, M. Tyagi, P. Chen, T. Yildirim, W. Zhou*, J. Am. Chem. Soc., 135, 10525 (2013).
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Discussion of Structure of electrode material Li*,Fe?*—3* P>*0%,

Fe/M n/N|/Co
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x=1: Lil* M2t P5* OZ,
X:O'l - Lil+x M2+1-X M3+X P5+ 02-4
x~0:  Lil* M3* PS> O%,

Neutron scattering amplitude

be, =0.954 by =1.03

b, =-0.203  b,=0.5805
by =0.513 by = -0.373
b, =0.254
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Crystal & Magnetic Structure, Phase Transformation, and properties of BaFe,As,
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la, ¢

La3*Pr

11532 LaPr, ..Ce, ,,CuO,, s EE-dopingi8 S & AY1iE

Hole doping

3+
8

Ba

2+

0.12

Cu2.12+ 04

Electron doping

0.88

3+ Ce

0.12

4+ Cu1.88+ 04

=]
SCcrystal  As-grown SC powder  NSC

powder powder
n(La) 0.481(4) 0.489(4) 0.479(4) 0.480(4)
n(Cu) 1.001(6) 0.977(6) 1.001(6) 0.988(5)
n(02) 0.974(5) 0.988(6) 0.972(5) 0.986(5)
Ratio(Cu:0O) 1:3.94 1:4.07 1:3.94 1:4.02
RE-O(1) 2.3640(3) 2.3609(3) 2.3636(3) 2.3615(3)
RE-O(2) 2.6922(4) 2.6948(4) 2.6933(4) 2.6952(4)
0(21)-0(2) 2.81995(3) 2.81921(3) 2.82001(2) 2.81923(2)
0(2)-0(2) 3.07875(4) 3.07805(3) 3.07940(3)  3.07980(3)
V(REOy) 24.4826(6) 24.4642(5)  24.4888(5) 24.4781(5)
Cu-0O(2) 1.99401(2) 1.99348(2) 1.99405(1)  1.99350(2)
7°(Cu)* (e.u.) 1.661 1.729 1.658 1.706




RIELILMFIRK, |

-

Vi= 2vi;, Vi=exp[(R;-d;;)/b], e=2.71828, b=0.37, d; is bond distance

1J?

Recommended bond-valence parameters for oxides, fluorides and chlorides

Cation

Ac™
Ag'
All"
Am'™
As™
As”
Au'""
g
Ba'
Be"
Bi"‘
Bi¥
Bklll
Br™"
cv
Ca"
cd"
Ce'
Ce'™
Cf'"
v

O
2.24
1-505
1-651
211
1-789
1-767
1833
1-371
229
1-381
209
2-06
2-08
1-81
139
1967
1-904
2151
2-028
2-07
1632
2:23
1-692
1-70
173
1-724
1-794
242
1593
14679

F
213
1-80
1-545
200
1-70
1-62
1-81
1-31
219
1-28
1-99
197
1-96
572
}-32
1-842
1-811
2:036
1-995
1-95
35
bt 5
1-64
162
1-67
1-64
1-74
=33
16
1-60

Cl
263
2:09
203
2-48
216
214
2:17
1-74
2:69
1-76
2:48
2-44
246
2:19
1-76
2:37
223
2:52
241
2-45
2-00
2:62
2:01
2-05
2-09
2:08
2:12
29
1-85
2-00

Cation
Mn'Y
Mn™"
Mo""
Nlll
NV
Na'
NbY
Ndlll
Ni"
OSIV
Pv
Pb"
Pb'Y
Pd"
Pf"'
Pl"
P
Pu"'
Rb'
Rev"
Rh'"
Ru'
St\'
sVl
Sblll
Sb¥
Sclll
Sclv
SCV'
Sit

O
1:753
179
1-907
1-361
1-432
1-80
1911
20117
1-654
1-811
1-:604
2
2:042
1:792
2:135

F
1-71
172
1-81
1-37
1-36
1677
1-87
2:008
1-599
1-72
1-521
2:03
1-94
1-74
2:022
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Cl
2:13
2:17
2:28
1-75
1-80
2-15
2:27
2:492
2:02
2:19
1-99
2:53
2:43
2:05
2:50
2-05
2:17
2-48
2:65
223
217
221
202
2:03
2:35
2:30
2:23
2-22
2-16

Cation QO
D}.Ill 3-036
EAY 2-010
Eu" 2147
Eu™ 2076
Fe" 1-734
Fe'"' 1759
Galll l'730
Gd"™ 2:065
Ge' 1-748
H' 0-95

HfY 1-923
Hg' 1-90

Hg" 1-93

Ho™ 2-023
I 200

IWI ] .93

lnlll l .90:
" 1916
K' 213

La' 2172
Li 1-466
Lu™ 1971
mg" 1-693
Mn" 1-790
Mnp' 1-760

F

r vw

190
1-906
2:04
1:961
1-65
167
I+62
1-95
1:66
0-92
1-85
1-81
190
1-908
1-90
1-83
1-79
1482
1-99
2087
1-360
1-876
1-581
1-698
1-66

Cl

2:41
2:39
2:53
2:455
2:06
209
2:07
2-445
2:14
1-28
2:30
2-28
2:28
2-40]
238
231
228
230
a52
2-545
1-91
2:361
2-08
213
2-14

Cation
Sm™
Snll
Sn!\'
Sf"
TaY
Tblll
Te'v
TeV!
Thlv
Ti"'
T
‘nl
‘nlll
'rmlll
UIV
UVI
\rlll
\tlv
\v\'
“IV'
\'lll
Yblll
znll
zry

RPNEEEITES TN

O

2-088
1-984
1-905
2-118
1-920
2-049
1:977
1917
2:167
1-791
1-815
2172
2-:003
2-000
2:) 12
2075
1-743
1-784
1-803
1-921
2:014
1985
1-704
1937

F

S e

1-977
192§
1-84
2019
1-88
1-936
1-87
1-82
2-07
1:723
176

1-88

Cu-0, R=1.724; Co'V-O, R=1.75; Fe'V-O, R=1.78;
Ni'-O, R=1.68; Ni'V-O, R=1.72
2.03 N.E.Brese and M.O’Keefe. Bond-Valence Parameters for Solids. Acta Cryst., B47, 192-197(1991)

Cl

2-466
236
2:2
2:51
2:30
2-427
2:37
2-30
255
217
2-19
2-56
232
2-38
2-48
2-46
2:19
2-16
2:16
27
2-40
2:371
2:01
2:33
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The data of bond distances used in the calculation are based on the structure information reported by Jorgensen et al.

(1990). (b) T, versus oxygen content in the chain layer of YBa,Cu;0-,.
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V=3V Vi = exp[(R;;- dj)/b], e = 2.71828, b = 0.37, dj; Is observed interatomic-distance.
N. E. Brese and M. O’Keeffe. Bond-Valence Parameters for Solid. Acta Cryst. B47, 192-197(1991).
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RE3*0Q% Fe?*As?
(1111)
Fe-As~2.4 A; RE-As~3.4 A; RE-O/F~2.4 A; M-As~3.3 A.

Charge Transforms
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XRPD & NDP pattern of superconductor (Li/Fe)OH-FeSe
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Structure determination of (Li/Fe)OH-FeSe superconductor
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Strong penetration

When there is stress in solid materials, lattice deformation causes diffraction peak displacement.

c’,“OK To study residual stresses in steel, aluminum, superalloys, and other such

structural materials. Elastic strain in these materials can be determined by

] i measuring their interplanar atomic spacing, and the instrument should be
Diffraction

Incident & b d e designed to use the high-penetration power of neutrons to generate “maps”
of the strain resulting from residual or applied stresses in bulk materials.
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hFRMER, BN —%M% Wave-particle Duality

Table 2.3.1
Properties of the neutron (adapted from Kisi & Howard, 2008)

Mass (m) 1.675 x 1077 kg
Charge 0

Spin :

Magnetic moment (/i,,) —1.913 iy
Wavelength () himvy

Wavevector (k) Magnitude 27/
Momentum (p) hk

Energy (E) (1/2)mv? = h*2m>

Although the neutron is a neutral particle, the magnetic
moment of a neutron is not zero. It has spin ¥2 and a moment of -
0.001042 pp an indication of its quark substructure and internal
charge distribution. It can be modeled as a sum of the magnetic
moments of the constituent quarks. The calculation assumes that
the quarks behave like pointlike Dirac (il #77An English physicist)
particles, each having their own magnetic moment. Simplistically,
the magnetic moment of the neutron can be viewed as resulting
from the vector sum of the three quark magnetic moments, plus the
orbital magnetic moments caused by the movement of the three
charged quarks within the neutron.

The neutron contains one “up” quark (charge +2/3 e)
and two “down” quarks (charge —-1/3 e). Neutron is a
neutral particle.

Magnetic interaction vector
g=e(e-K)-K

Scattering
vector

€ Magnetisation

|q|=sina

Definition of the vectors relevant in the evaluation of
factor (Bacon, G. E. (1962)). £ and K are unit vectors
in the directions of the scattering and magnetic
moment, respectively. The magnetic interaction vector
g is always perpendicular to the scattering vector.

RIERURL T HER — R, FFREBEEIN, BRFRKKA100K, SREARNRTEERS. P TEHEWR S
EMMNEBRRAR, FFREATENELRN T, F#IEREN16748x1077kg, ERFRZLAH0.8x10"m, SHT R/NEA.
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Magnetic Intensity

Peaks Position: 2dsin@=nA
where A is the incident beam wavelength, d and @are the distance
between successive hkl planes and Bragg angles of reflections, respectively.

Diffraction Intensity:  /,,,= C|F,|>
where F,, is the amplitude of the diffracted X-ray or neutron hkl
reflection, and C is all others.

X-ray: Fia=2 £ exp(2zi(hx+ky +lIz)) e?W

where f; is the X-ray atomic scattering factor of atom j for X-ray.
Neutron: F.,=3 b; exp(2zi(hx+ky+Iz)) e?V

where b is the neutron scattering length for atom j.

Magnetic: F.,=3 q;fy; exp(2zi(hx + ky + Iz)) &2V
where g;and fy,; are the magnetic interaction vector and the
magnetic form factor for atom j, respectively.

lw=C T A(6) [(re?)/(2mc?)]? <1-(z -M)>> |Fyl?

C- Instrumental constant

- Multiplicity (for powder)

A(6g)- angular factor, 1/(sin@sin26)
[(7e2)/(2mc?)]=-0.27 - neutron-electron coupling
<1-(r -M)?>-orientation factor

Fu- Magnetic structure factor

Fy=2 ufexp(2z(hx + ky + 12)) e’V

- magnetic moment
f- magnetic form factor
W-Debye Waller factor
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l”"“ ﬁtthetwo points to a linear equation. Then

515 PROBABLE ERROR OF A FUNCTION
The probable error for the value of weight 1wy is

. [ Ew
P io.cma,’ s Zl)wj

and for the weighted average

. 4 >wd;
J5 - == :!:0.6740‘1————( T

It is possible to determine the relative \ve)ghts to be attached to the
- individual measurements since the weight w; is inversely proportional to
Po;- The usual custom is to assign weights arbitrarily.

13.35. Probable Error of a Function.—In general the results of several
independently measured quantities are combined to give the final value of
the physical constant desired. Suppose X, Y, - - - have been obtained as
the average value of certain quantities with probable errors Px, Py, - = -
If they are combined to give Z, where

Z= f(X,Y,' =<y

then its probable error is

P =/ (PgaZjaX)? + (PyoZ/a¥ ) + ---

'We record a few special cases for convenience of reference. !
- Z=X+Y; P=+VPE1 P} Ih y
2 Z=XY; P=xV(XPy)+ (YPx)?

P=x+

5 v

Z=X/Y;

en'orp; at the pomt X =X, and Z,mthmp.;t!’
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