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The first observation of total ellipse in the South Pole
~ 8 am, November, 24, 2003 by NHK

http://www.neptune .carina.gr.jp/same/solaec03/

Towards Nanometer Technology

Courtesy of S. Choi, KAIST
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Electron Microscopy (destructive)

—) | |n-situ analysis : Neutron & X-ray
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B N
W Nano-structure characterization

Electron microscopy,

Atomic microscopy:
easy, but local structure,
thin film or surface only

B ‘V—\x JPum
- - -
Light scattering

mesoscopic Structure
necessary to be transparent

X-ray scattering

(lab): easy, but weak intensity

(large facility): strong beam,
but irradiation damage

low-resolution, difficult for deuteration,

but large contrast
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What is Neutron? 1Y pvogairn i W .. SO
Radius; 1.5 x 1013 cm (10 of the radius of hydrogen atom) e »
Mass; 1.6749 x 10-?7 kg (nearly equal to that of proton) _ e By o p} )
Charge; 10°'8 e (substantially zero) S ARTET A, -
Half-life time; 10.3 min (n -> p + meson) LA X5 ,
Quantum spin number; 1/2 ) : neutron P T
© : proton SN \\,“
Generation of neutrons: History of neutron scattering:
Atomic reactor or accelerator Discovery: Chadwick (1932)
: Observation of diffraction (1936)
Kinds of neutrons Polymer research by neutron scattering (1972)

Cold neutrons; E<0.002eV
Thermal neutrons; 0.002<E<0.5eV
Epithermal; 05=<E=<500eV
Fast neutrons; 500eV <E

Similar to
the electromagnetic wave, Chadwick, Nobel winner, 1935

ie., ggay, X-ray, UV, VL, IR, ... .
Brockhouse & Shull, Nobel winner, 1994



’[@ Sizes of neutron and atom

Outstanding contribution to
due to the three characteristic
properties
Structure magnetism
(charge = 0) (spin = 1/2)

Where ato atoms do
[FFODfIL FOEE

motion question:
(mass = 1u) If the diameter of Tokyo Dome (~ 100m), how large
YUl are the atom and neutron?
1.8A~293K (1) apple (~ 10cm),
(2) orange (~5cm),
(3) Japanese pinball (11mm),
(4) Jintan ball (1mm)
A '\‘ ,
A Why Neutrons *
O <

‘ Mass No Charge Spin 1/2 I

O No charge — Deep penetration

Wavelength ~ A, nm —  Atomic length scale
(thermal & cold neutron) & Nano length scale

Same magnitude as

—Q ‘ Energy ~meV basic excitations in solids
(solid state physics)
) Magnetic structure &
$ SIS dynamics
(solid state physics)
— QO @2 Interacts with nuclei —  Contrast variation

(soft matter)




Generation of neutrons

very effective (no. neutrons « proton power)
(spallation 1MW ~ reactor 15MW)

low heat genaration (~ proton power)

Generation of neutrons [ e Ralils [0

cascade neutron . 2
i e 5%, ® Proton
spallation(~60n/3Gev proton il ::in; O Noutor
~24n/1GeV proton) NG

Target nucleus

High Energy Protons Q'lé)
ﬁ»*

1Ge ‘(ng

O :p':‘? Evaporatlon
& Spallation {3‘: ‘ } ‘ /

Inter-nucleus cascade

O

(*) AV ’
ion(~ i Excited nuclei v~ e
fission(~2.5n/reaction) : %’ﬁﬁ/ .
Fission reaction ,( ,!"7*_ 188 t"@
& & = ‘-‘v % )
o ) éﬁs& @f”
Q =
reactor So¥, V "‘? Q‘ _ -
Slow neutrons ™ 47 Chain reaction
11 U-235 L.
\ Fission Slowinq down /

@ Research reactors in the world

FRM-Il, Germany

Institut Laue-Langevin (ILL HFR; 58MW)

_—l ~— Leon Brillouin Lavoratory (LLB)
f?& - = Hahn-Meitner-Institut (HMI)

. FRM-II Jiilich-Munich (20MW)

ORNL (HFIR; 85SMW) &
NIST (20MW)

P ANJO, Australia

-

JAEA (JRR3; 20MW) s

L on ™
KAERI (HANARO; 30MW) === _4@7
ANSTO (20MW) f < 7

!

CARR (60MW), May 13, 2010 critical e




Pulse Neutron Source in the world

ESS
2(?""
g “‘4

ISIS, RA
5[

-PKRC +ngh fhtensmy pulse
| neutron

);

- _‘ . JAEA (Japan Atomlc Energ&

http://j-parc.jp/




@S Neutron Science Lab., ISSP, U. Tokyo
“we’  NSL-ISSP : SANS-U

JRR-3@Japan Atomic Energy Agency
(20MW Research Reactor)

’ =

Neltrons

qa Neutron Vedocity Selector SANS-U, ISSP

ISSP. e 8 coated colimator tuba
s - -

. » {
Kashiwa ! ." RN Coilimator Tube
Ni coated guide hube | ‘g Sample aperure ¥ scanerea neutrons
Source aperture (20mmé) l ' / '//

U. Tokyo Semple m,ﬁ, Ly ! 7‘ ﬂ

2 omensional position sensitive delecior

httg /neutrons.issp.u-tokyo.ac.jp/

Flight Tube

;’@ University-owned Instruments at
o JRR-3 .
TOF Reﬂ_ectwlty

High resolution

-

.
A

N
-/16

%

/. REACTOR HALL Reactor
-y hall

Trlple axis

) 5 0 13 [ [13

Triple-axis

University-owned instruments: 14, ISSP 9, Tohoku U. 3, Kyoto U. 2
No. proposals: ~300

No. users (man.day) : in-house 2000, outside 5000, total 7000

No. papers : ~100 /y 16
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Water, H detection |=——p

X-ray

SANS-U

Nondestructive
visualization

Fountain toy

\/ . S

_

neutron

Comparison of X-ray and neutron

permeability

(@ Matsubayashi (JAEA), Mochiki (Musashino Inst. Tech. ), Tcigﬁba




@ Neutron contrast
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atom and nucleus

1. Atom and Neutron

A neutron is about 1/105(= 1013 cm)

(A neutron is 1 cm large if an atom is

With an eye of neutron, the nuclei in
materials are so dilute that most of neutrons
pass through the materials without scattering.

When a neutron passes near an nucleus,

(:C\'[“‘H
{ Size of an atom
proton - —10-8
o B neutron (~ 0.1 nm=10 cm)
nucicus — 7
* pe ~ I ~10" em
»:(' " nucleus ~10"7- 10 em as large as an atom.
atom_~ 10"¢m
1 km large.)
atom ~ 10"cm
neutron scattering
& transmitted
neutron
@
o nuclear scattering takes place.
—
.
@) i,e ‘,‘““l“{-‘

~10"cm

scattered

neutron

mass m, = 1.675 x 10?7 kg

S QN s =1/2 (-1/2);Fermion

Mag. U, = -1.913 puy

moment Uy : nuclear mag. Moment, 3.152 x 10-'* MeV/T
Lamor freq. 29.16 (MHz/Tesla)

Life time 885.9 +0.9 s (ca15min)

Quark comp. u-d-d

Annihilation of neutron (B-annihilation)

n—p+e +v(+0.77MeV)

n

u-d-d (2/3, -1/3, -1/3 = 0)

7T meson

T meson

Y

Resonance state between nand p

u-u-d (2/3, 2/3,-1/3 = 1)
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2. Properties of neutron

Three Generations
Matter (Fermions)

mass4 2.4mev. 27Gev mace |0
charge3%; s ¥ t 0
spin3% u £] C Y2 1 Y
nanfe+ up charm top photon
48 Mev 4 Mev 42Gev 0
Ay |2 ¥ £ b 0 g
‘ﬂ] A 2 S ¥a 1
=2\ down 'strange bottom gluon
< <M | <issmev | |9126eV ()
0 0 0 0
VzVE ¥ V[-l V:V'l' 1
electron | muon tau, F“k
neutrino | | neutrino|  neutrino orce
0.511 Mev 105.7 Mev 1777 Gev 80.4Gev
el -1 -1 -IW
;; Y2 ¥a p Y2 T 1 h
E electron | muon tau e
Wikipedia

(Forces)

sons



1. reactor:fission of 235U

PU+n—=" Y+ 1+2n

235+ 1 > 95 + 139 + 2
(236) (244)

3. Generation of neutron (1)

<ref.> velocity distribution of noble gas

32 2
m mv
o) (anT) CXP[_M)’ v=(ve, )

3/2 9
m mv| ,
dv=4dx exp| - |24
il (2nkT) XP( 2kT)v Y

mass defect AE = mc?

* Generation of 2~3 neutron by 1 fission

* Energy of ca. 200MeV = 3.2 x 10" J

(8.2 x 101 J/1g U)

~MeV

Maxwell distribution characterized by
the temperature of the moderator

2. spallation

Pb ™

Maxwell-Boltzmann Molecular Speed
Distnioution for Noble Gases

= 1

w

g | — ]

8 N

¥ | o |
(reactor) Moderator (reactor) £ — iy |
neutron

neutron~eV ‘g

0 500 1000 1500 2000 150¢
Speed (m/s)

The velocity distribution of neutrons is the
Same as that of noble gas.

Q: Calculate the most probable velocity of argon gas
at T=300K.

3. Generation of neutron (2)

Bl  1nva cascad ey oor

2
AR 5% B S~ 600 3iev proton — i B
. N e 7 e bt s Nethon
S0/ 1GeV proton) R a7\ R
-y [ 3 .
MEBED/ LABIEF 2 .-r" » "lv nter cascade
Hgh Frecgy Protors 4 ! .
L& .
1069 % o 2.0
, ::F.'-{:) > { ‘-3' {o‘.‘f_ _Evaporation
Spatacon an) P WO
X e A
- —_ _:— _—
\ RFFRER (-2 5wicaction Dxcited nuchel .‘c'(’
= o2
! Fission rescton ""._' ’:.'i' 3 ‘.'»'3__‘ “/
2 B 1" a0 PTe. o4 1.‘ 4 "_.a:. .:ﬁ"‘;
.n..".\‘ ’ Jt ’. '~'§‘ LYY \.‘ ‘)- 2
B @ (3L P WA 3
XY RS 20
Slow neutrons e (;_‘,7‘4' s Chain reacton
Fiasion

By a collision of a proton with 1GeV with a target nucleus,
20 ~ 25 of high energy neutrons come out.

24
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?@" 4. Energies
) o >

of neutrons, chemical reactions,

..... and soft matter dynamics
Neutron energy ~100MeV ;los:#:.'\‘, f o
at generation L . '/
o 10MeV ) ?.(
- S FiMeV | Rt
g %
o o - -
o
= £ Xray —» Q1Y 17 ionic bonding
g < CuKaB8.7keV 8| 1oV L @ NaCl 77 1kJ/mol
N L
T k-3 B ~ o <5
-l

chemical reaction

ovalent bonding
- = 1MJ/mol / 300kJ/mol (water)
L ]
visible "ght — ] eV - 100kJ/moI hydrogen bondlng

neutron scattering

thermal energy
atrt.

Energy related to soft matter
KT = 0.6kcal /mol (~20 meV)

”
e >
ray

energy
wavelength
temperature
velocity

flux

107 eV
0.1-10 meV
10 -100 meV
100 - 500 meV
> 500 meV

100meVi— 10k)/mol —e—/10 - 30kJ/mol o

hydrophobic bonding soft matter

PO 1 <J/mol 1/10 of HB
FlmeV - T

25

Soft and flexible

—10meV L— 1kJ/mol

) 5. Properties of neutrons

E = mv?/2 = p2/2m; (Einstein, particle wave)
A=h/mv = h/p; (de Brogile wave)

E=kT

v =(26/m)V?

D(v) ~ vdexp(- mv2/2KT,.q4) (T.eq; moderator temperature)

ultra cold neutron

cold neutron (moderator: liquid H,)
thermal neutron (T, = room temp.)
hot neutron

epithermal neutron



Ny 3
£ * =
Sy 6. Velocity, wavelength, and

wave number of neutrons

i 1
cold neutrons thermal neutrons epithermal E- Em" 2 (o), particle o
5 :
10 ;; E=hv; p=mv = % (de Broglie) 2)
o Vv/10° [s] i ik W
7 8 E = kT (€)
| - . P
, [V [ms'] i e i energy
10 , E! M mean =m~T’”2 ()]
SOk i - |T Kl ; Maxwell distribution
2 [=° oot .
10 3 g 3081 4
Z 5 4 : }"max i 2>\'mean = E [A] (5)
| il A [A]|
10 e 2L E TIK] = 11.605x10’E[¢V ] ©)
0l eutr i . 0.2860
10 e MA]=— 7
scatteri 33 [A] JE[eV] ™
0.0001 0.001 0.01 0.1 1 v[m /5] =1.383x10*E[eV] (8)
energy [eV]
Neutron has wave-particle duality.
The velocity, wavelength, and wave number of neutrons depend
on temperature.
Only cold neutrons and thermal neutrons are used for small
angle neutron scattering. 27
»‘wh "4\‘
3 = =
7. Energy dispersion

10° ‘\x T T T T T T T T

10° "% X-ray- electromagnetic wave ]
-1 kgu\é‘ctron SN

whien | . light ]
. - \ E = hc/h -
10° |- > ~
L meV-neutron \\
10 [~ =l
RO NE = i2om a2 ]
ol N .
EB 10° F1 ueV N
L 0t : 3
L) de Broglie wave

E=12m .

10 \ - -
10 \\
o N
e 1A1nm 1 um 1 mm+]
Il 1 1 1 1 1 1 1 1 LN\
107° 107 10° 10° 10"

wavelength, A / m

Scattering by neutrons:
The same dispersion eq. as for electrons

ik’ h?
E= ——=
2m,  2m X
A=1A, £ =0.05eV

Scattering by photon:
For photons, the relationship between energy &
and wavenumber k = 27t/A is given by

a2 h=6.626x1034[].s]

o

For visible light € ~1eV, A=04 ~0.7x10*A

Hence, light is a suitable probe for um-ordered structures.

For A-ordered structures, photons with

£ ~10°eV =10keV with are necessary and X-ray is the
Best means.

Scattering by electrons:
Electrons with mass m,_has the following
dispersion relationship.
272 2
€= L2y Lz m, =9.109x103! kg
2m, 2mA

A=1A, £ ~100eV

Note that the mass of neutron mass is very different from that of electron.
m, = 1.675x10-?7 kg (ca 1800 times larger than e)

28

~ thermal energy



8. Detection of neutrons

Neutron: electroneutral
By generating electric charges via nuclear reaction, and counting them

n+3He 5333b p, 3T 0.57,0.2 0.77

n + SLi 941b 3T, 4He 274,205 4.79

n+ 1B 3838b 4He, 7Li, 1.47,0.83, 230
Y 0.48

n+ 23U 681b fission 1-2

b ; a unit of scattering cross section b = barn(10-2* cm?)

gas detector scintillation detector
neutron neutron
Liglass scintillator
cathode / 9 / air gap
l— «—— light disperser
@ ‘He='H | Mghteone  photo cathode
H : i - PMS

g—J
§..
g
{

\
=

3 3 3 == Anode current

Part 1. Structural Analyses of Polymers by

Small Angle Neutron Scatterlng




1. What is scattering?

Stones in a box

target
solid angle

N[cm2s1] de

By randomly shooting a gun, you may
guess what in the box are.

*numbers of bullets per unit area and time
@ N[cm2s1]
@ *number of bullets scattered
in the solid angle dn[s™"]

dn o« NdS/r?* = NdQ

dS[em? 4, - No(6)de

scattering angle
——

photon
neutron
electron

proton

—— > o(0): proportional const.

atom
nucleus
molecule

elemental particle

dimension s7!
. [dndQ] [ ]

T o]

cm S
o(0):scattering cross section

Totgl cross g, =fo(0)d£2

section
Scattering by an atom Sl:attering by a nucleus
Bohrradius a,=5.29x10%cm | o, ~ 102* cm?
-> Oyt = @2 = 2.80 x 1017 cm?

31

2. Scattering amplitude

Scattered wave

- ~ N 53
O
&3\ fo, 0)

V(r)

potential

Y(r) = lf(Q)eik'r f(r) :scattering amplitude
r

Stationary wave
H=H,+V(r) V(r) :potential

pz . __mm,
H,= 5 u: reduced mass my + m,
u p: momentum
Schrdédinger eq.
Hy=FEy

Y(r.t)=g(r)e™'"  ¢(r) : a solution of
the eigen function

_rA
2u

2 272
o(r)=Eg(r), E=L "X

\%
+V(r) YT

Let V(r)= (h2 /ZM)U(r) _and

|:A+k2 —U(r)]cp(r) =0 2



4‘“"”\
@ 3. Scattering cross section and amplitude

The wave equation for scattering is a sum of plane wave e*z and ~e/r.

eik-r
ikz
, @i(r) ~ ™+ f(0.9)
} ST A AR g
| I Lt +. e_"’ Plane wave Scattering amp.

Incoming wave - 1 r

(plane wave) \ k. ul . . .

. a1 \ z Calculation of scattering cross section
cl.‘

Flux density:  J(r) = iRe[¢*(r)lﬁV¢(r)]

In-coming wave J. =hk
m

u
Scattered wave: Jam(”) = %szk(g’(p)r
ur
Hence, dn=J,,dS=J,,r’dQ= %| fk(B,(p)|2dQ

From the definition of cross section, dn=J,,0dQ = ﬁon

u
_ 2 Note: the cross section is a square of
o= ‘fk(e ’QD)‘ the scatteringIamlplitudeu o
4. Scattering sections of neutrons

Direction

./w

¢
Incident k 3
— |
neutrons | —>= - axis
Tatrg/
® = No. of incident neutrons per cm” per second o measured in bams
1barns=107* cm’
o =Total No. of neutrons scattered per second/®

Elastic — | 9o _ No.of neutrons scattered per second into d€2

dQ ddQ

Inelastic—> d’o _ No. of neutrons scattered per second into dQ2 and dE
dQdE ddQdE 34




5. Scattering by

scattered
wavevector

a single nucleus v 1 k | Scattered Spherical wavq
incident | - ik, T
wavevector d 1 / Yoear =€
— — =2
kl'n b = scattering length of a nucleus
/ g 5
\\ > X
o b %, 0
\\\ s aStc:ft;teol'lng centery (7 =0)=e""" =1
\
| = fep| = K = 27% [ incident Plane wave If scattering center 1sbalr =R
A ik, 7 ik R~ ik (F-R
— mn _ lkm'R lka .(,,_R)
(elastic scattering) Z/Jinc e wscaz e I !
r—R
2
No. of incident neutrons passing through unit area per second D = V‘z/}inc =V V: Neutron velocity
2 b’
No. of scattered neutrons passing thi Vl/jscat as=v (—2)dS =V b2 dQ
r

Ot = fd—adQ — 4’
dQ

d_a _ No. of Neutrons SCarereq per Sec. mo asZ V|1/jscat "ds B vb*dQ _p
dQ DdQ vdQ .. vdQ T
SAE ’\‘t
-2 4 6. Fermi’s pseudo potential
|;I'Lm znhz
'/-\" .,/\1 nucleus | V(r) = m bé(r > R)
/‘ Il\ /’ vl\ ; - !

10%em

Vir)

The interaction potential for nuclear scattering is given by

A delta function.

b:the scattering length

b=b1+ib2 )

Differential cross section (Born approx.)

2
(B) u
o 0,p)=
( (p) e
0 FENR 2 2mh’
47 m
2

Note: the scattering cross secti
depend on Q.

J[d3re_iQ'rV(r)

bd(r - R)

‘2

2

on does not

complex number
(imaginary part: absorption)

V(r)=4mbd(r - R)

The scattering amplitude

f(6.9)=

—ﬁfd%" e ¥U(r)=-b

b: the scattering length

(A Fourier tr. of a delta fn. is a constant.)

36
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In the case of inelastic scattering, the wavelength is also changed as follows,

do Ay e )
L S ) (e AV A
dQ )i j—pn Kk \27h

On the other hand, the energy and momentum transfer are preserved.

o
0Qdw

' 2
=%(2”;2) S P (K ANV 1k, 8(ho + E;, - Ejy)
vz A

kA=K A

P,: distribution of A

37

8. Scattering by many nuclei «° “:‘

The scattered wave from many nuclei located at Ej

Wy = Eei%mﬁj _—bf.e”;"“"(? ) ei/?m'FE__lﬁe—i(iém—l%n)-é,
J ‘F—Rj‘ - ‘]-;_Rj‘
Therefore
2
do _ VIV scar 2dS - as eil?gm.fz bj e—i(/;,;m-’gm)‘kj
@ e "aof " 37

- ds
If we measure far enough away so that r>> R, then |f-R|~r d2=—7

r
2
do LO'R -iQ-(R;-R;)
R J —_ 1 J
0| 2hE | = Obbe
J ij

where the wavevector transfer Q is defined as

ik, 7

e =1

— —

Q = kout - k 38




Q=k,, -kj, =k'-k

AT Path =k'R-k-R=(k'-k)'R
\:R 0 / difference_ . g

, 2
K=lk]- =22

. (6
Q=2k sm(a)

Cf. From the viewpoint of momentum system |:>
transfer from incoming particle to
sample, the following definition is better. .
K action response
¢-k-K hq: 7k — 7k (v, t) (r, 1)
g=k-k'

response= < after | action | before>

10. Coherent and incoherent
scattering

Neutron scattering is also dependent on isotopes and the relative orientation of spins.
Here, we consider scattering from an assembly of isotopes with {R,, b}.

Fermi potential If the scattering is not dependent on
ermi poten |a2 The spin states and is dependent
V(r) _ 2::2 ;blé(r B Rz) only on random distribution of isotopes,
. 2
The scattering amplitude d_o “ Ee’Q'(R' _R")‘<b;bl>‘
27h? K- K- aQ 17
<kHHk%=Jm by fd’re ™ TS(r - R, )e™" ; I
2mh? o
= bt Hence,
m i e
The scattering do e : 2 d_‘j - N(b2 —52)+522e’0'(R’ -Rp)
Cross section 5 =|5 7 (kv 1K) dQ -
incoherent coherent

Now, we need to take care of the change of spin states,
s— s

do iO(R, -R., —

35=2a250<ffkswmﬂ§

s,s Ll

2

40



11. Scattering Length

(] Neutron Interaction Potentials

Nuclear Interaction
(Neutron-Nucleus)

Magnetic Interaction
(Neutron-Unpaired Electron)

O Scattering length, b

V(Q)

mi’l

27h*

27h?

Y, () = - B®)

byo(r)

n

| B-field induced unpaired spin

Magnetic moment of neutron

Fourier Transform of V(r)

Pauli operator Magnetic form
for neutron

factor

b=b, +

=

I I
b_M =by +We6°§¢f(Q)

Nuclear Magnetic

SLD (1017 eme?)

305

|

H.,0 + D0

(1:1 volume)

I
Spin componentg ]
perpendicular to Q

12. Scattering Length Density

d Scattering length density, p

7

b = bound coherent scattering length of atom j

) = volume containing the n atoms

(J Contrast variation

- bound coherent scattering length (10-13 cm)
by, =-3.749 fm

b,= 6.671 fm

42




A l‘d‘
’f@What Contrast Do We Use in Neutron Scattering ?

(J Thermal Neutron Diffraction

« Use atomic properties

: Scattering length

0 SANS/REF

* Use material properties

: Scattering length density

43

A '\‘
X - -

4= 13. Calculation of scattering lengths

http://www.ncnr.nist.gov/resources/n-lengths/
Ex. benzene CgzHg
b = bmolecule = E ribatom,i bbenzene = 6bH + 6bC
i
=6x(=3.739x107"%) + 6x (6.646 x 107")
=17.442x107"[cm]
Isotope | conc Coh b Inc b Coh xs Inc xs Scatt xs Abs xs
% fm (=107"3cm) fm barn(=10%cm?)| barn barn barn
Scattering | Absorption
Coh. Scatt. Inc. scatt. Coh. Cross |[Inc. cross cross cross
isotope Conc. length length section section secdtion section
H — -3.739 — 1.7568 80.26 82.02 0.3326
H 99.985 -3.7406 25.274 1.7583 80.27 82.03 0.3326
2H 0.015 6.671 4.04 5.592 2.05 7.64 0.000519
C - 6.646 — 5.551 0.001 5.551 0.0035
N —— 9.36 - 11.01 0.5 11.51 1.9
0 - 5.803 — 4.232 0.0008 4.232 0.00019
b Ocoh Oinc (ZS Oy

Q: Calculate the scattering lengths of light (H,O) and heavy (D,0) waters.



http://www.ncnr.nist.gov/resources/n-lengths/

NIST

Nertlonal Institute of
Ssandards and Technology

NIST Center for Neutron Research

Home ICP Experiments UserProposal Instruments SiteMap

Neutron scattering lengths and cross sections

Be l Neutron scattering lengths and cross sections

Mg ]lsotope] conc Cohb |Incb Coh xs Inc xs Scatt xs| Abs xs
RPN H [~ 37390~ 17568 [80.26 8202 [0.3326
\H  [09985 [37406[26.274)1.7583 8027 [8203 [0.3326
l2H  |oo15 6671 404 5592 205 [764 [0.000519
3H 123294792 104 289 014 [303 o

ar Y  Zr Nb Mo Tc

5 Ba La Hf Ta ¥ Re

Ra Ac

Column|Unit| Quantity

i —  |Isotope

2 ~—  |Natural abundance (For radioisotopes the half-life is given instead)
NOTE: The above are only thermal neutron cross sectic fm _bound coherent scattering length
dependent cross sections please go to the National Nui 4 fm bound incoherent scattering length

. " 5 barn jbound coherent scattering Cross section

Select the element, and you will get a list of scattering Ii - i s : oo g :
Feature section of neutron scaltering lengths and cress © barn bound incoherent scattering cross section
No. 3, 1992, pp. 28-37. 7 barn total bound scattering cross section

The scattering lengths and cross sections only go throu © barn jsbsorption cross section for 2200 m/s neutrons

. . Note: 1fm=1E-15 m, 1barn=1E-24 cm™2, scattering lengths and cross sections in parenthesis are uncertainties.
A long table with the complete list of elenciie amu IBUWNES 1D GV avanauvic,

'14. Neutron Scattering : Fourier Transform

[ Differential scattering cross-section

5 Dirac delta function
92y -([Sbe" fotwr-1
’ [/ (S -R)F = f(R)

n(r) = E SG -R ) : Atomic number density

J =
P (7) = E b,0(F — R;) : Scattering length density

J
BT 400 ()} = [P (F)e ™ dF = [ b,6(7 = R))e ™ dr = 3 be ™"
J J

d()’ g - —iOF _,2
d—Q(Q)= Upsld(r)e erdr

46



7 .
15. Fourier Transform

O probes the space along 7 parallel to Q

47

@ 16. From scattering cross section to
absolute intensity

Total cross section:the sum of scattering cross section o, and absorption cross section o;
The scattering cross section: coherent scattering cross secdtion o, and
incoherent scattering cross section o,
Ot =05 +0,

O3 =0 T0j

Scattering intensity (differential scattering cross section)

The differential scattering cross section is given by normalizing the scattering
cross section by the number density of the scatterers in the sample
do

o Oem’] 57 S ()em™] - oy 0 (O)em”]
(one particle)
NAd[g/cm3:|

statttrm;. cross sections and
i 2 differential cross sections
[cm ] Number density
m[ g/mol]

Py =

. 46 = dSL*

d(h
"aQ

_dy
=g em']

el (Q)[Cm'l :commonly-used unit
dQ for scattering intensity

=aq+a, (g
Q=dx
o (Q)[Cm_]]TZ[cm_l] ‘total cross section )

of the sample

&.|§

48



Summary:
Comparison of scattering amplitudes

heutron
f(l)(g) —_b constant
X-ray
2
FU(6)=——A(6), A(6=0)=Z
m,c
electron
2me* Z - A
r0(6) = h—;%, A0 =0)=2
Vi) o 2 1 el )
r =
Atom and Electron cloud

angular dependent

Two contributions; from the nucleus,
and the electron clouds

e

)
Ze

Z

Jd’rp(r)

Incoming electron and incoming electron

Summary:

scattering variables

Total cross section
O =[0(0.90)dQ

Differential scattering cross section
0= ‘fk(e’fp)‘z

Fermi’s pseudo potential

Vir

()= 22 pi(r-R)

Scattering length
£(0.9)= —ﬁfd%‘e"'Q'r'U(r') =
Scattering vector

Q = kout _kin =k'-k

Scattered wave

w(r) & eikr

Scattering cross section for a particle
49 _ 2
dQ

Coherent scattering cross section

GCOh = 4.7tb 2
Incoherent scattering cross section

O = 4:r(1?—1;2)
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"'ﬁ- Part 1. Structural Anlyses of olers y

Small Angle Neutron chttqﬁng

el
Introduction ¥
Neutron and neutron scattering §
Neutron scattering theory
Small angle Scattering
Applications

@ 1. what is small-angle scattering?

kf

> ()/\{jq e
VAR

e Constructive interference from structures in the direction of q

small angle scattering:
20s5°

20=1°.d=401A
20=2° d=201
28=5°.d=8('.3

* Diffraction length scale

d~2—n zez&zL 20=10°,d = 402A
q : d 40 ~ 800A 20=20°,d = 2024
20 = 30°,d = 13.5A
20=05°~10°

20 =60°,d =7.00A
26=120°,d = 4.04A

* Scattering is at small angles - non-zero
but smaller than classical diffraction

angles
52



b\~ 2. Young’s Double Slit Experiment (1)

Incident Neutron Wave Atoms Detector
(counts neutrons)

v
[ ]
N
N A
N A

53

=+ 2. Young’s Double Slit Experiment (2)

%
¢ 4

Incoming plane wave Scattered spherical wave Interference Pattern
1. Wavelength of the incident wave, A
A 2. Distance between the slits, d

3. Distance from the slits to the detector, L.




3. Information obtained by small-
angle scattermg expenments

R, (Q); information’
Q"
o

O Information obtained from

o latex-H/D,0,R =560 A ]
o latex-H/H,0,R =550 A ]
m latex-H/H,0 - Tjpeon E

Scattering experiments q/A Q; “ruler”
Structural Information Ex. SANS function from
size, Ry, R,, a polystyrene latex (PS)
shape,
volume fraction, ¢
orientation,

domain distance, d
fractal dimension, D
miscibility,
specific surface, S/V
55

4. What Information from SANS ?
: Particulate Systems

Weetron Scattenng Intensty, IO fem-')

QAT I

dx : 2
—(Q) = ‘Fourler Transfom of p(r)|
dQ
_ x’|;~(()]| _<ZZ Q- n>
Number densn\ V
Shape and dimensions =n,P(0)S(0) Interaction
of particles ! between particles

o O\ O

‘ , Intra-Particle interferenlce Inter-Particle interferende

: Form factor : Structure factor 56

BN
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7y
o
"y

water || 7Kailited railk

-

transparent Opaqﬁe vultiple scattering)

o0 ‘ .
H,0 D,0
N 0.lem " - 0.lem "
MFP =0.15cm  MFP = 1.6cm
1 1
mean free path (MFP) = —— =—— [em]

po,  Z;

4. What Information from SANS ?
: Non-Particulate Systems

10 (@ =47{0F )1

yaE e

Contrast Correlation Orientation

function average

f (Ap(r")Ap(r'+r))dr'
[(Ao A )ar’

y(r)=

57

5. Multiple scattering by H

WE s 3
% o latex-H/D;,0, R =560 A 7
| 0 latex-H/H,0,R =550 A ]
E ™ m latex-H/H,0 - [ con E
‘g 100k
o
S 0k
= 2
o 100 L -
-1
S e S e e
001 o
q/A Difference between H/D
Ex. Polystyrene latex
If incoherent scattering is large,
Information at large q cannot be obtained.
Need to design to lower incoherentscattering
1
total cross section >8



_/

H,0 D,0
0.lem 0.lem

total cross section

1
mean free path (MFP) = —— [em] =

POy <y

T= % = exp(—Ztott)

0

o : ; | The Lambert-Beer law holds even
T=0.05.

2. =6.714¢, +0.634(1-¢,)

A linear relationship holds all fractions

|

5, =6.714 ¢, +0.634 (1-y)

3, (= -InT/f) [em™]
N
T
L

ok 1 1 1 1 ®) 4 irrespecective of sample thickness.
0.0 0.2 0.4 0.6 0.8 1.0
&y [-]
Shibayama, et al., J. Appl. Crystallogr. 2009, 42, 621.
N "’\ - -
(o)) 7. Scattering function from
°""...,‘A" -
a polymer chain

the radius of gyration the Debye fn.

N

RG= LN;Rn 1 )
= £(r)= L33 (exfi0 (R, -R, )]
R2=NZ<(RV‘—RG) > 1 = .
. =N§%exp _szQZl

= NfD((QRg)Z) b; the segment length

N; the degree of

polymerization 2 2
fD((QRg) )EfD(x)=7(e -1+ x)

1.04

0.9 e
S 08+ Sl . g(x)=2—];,(e_x—1+x), XERg2Q2
b= 0.7 i ;Debye X

= fZimm
a6 - = fZimm2 Rg _ NY2p
V6

Q: Discuss the asymptotic behavior of the Debye function near x=0 and x=large.
60



Summary:

correlation functions and scattering intensity for various systems

g <=1(0 )—fg(r)exp(zQ r)dr —fg(r)an ar’dr

corr. fns. scatt. fns.

Gaussian fn. (scattering from an assembly of non-interacting particles)

R
g(r)=exp Gl I(Q)NGXP[‘%Q J

Scattering from isolated particles

(e VO 3 1 (r) B {S[Sin(QR)—chos(QR)] }2

£ 4R 1 g

Lorentz fn. (semi-dilute polymer solutions)
iy 4 1 r 1
o ——— g(r)=7eXp(—g) I(Q)NW
\ | X_/
Polymer chains
1 NN 2 ( _x 2
el A U e A

Summary: Scattering functions

Differential Scattering is a Fourier transform of
Cross section the contrast variation square

%(Q) = |Fourier Transfom of ,o(r)|2 = (Ap)2 X

n, P(q) Particle dispersion (dilute) ( S(¢)=1 )
n,P(q)S(q) = ‘
n ,,P (@)S(q)  Particle dispersion (semi-dilute)
<
S(q) Non-particulate system
S(0)
S(q) = ey Concentration fluctuations (one phase)
1+&°¢g
Ap  Scattering contrast P(q)  form factor
S(q9)  structure factor
n,  Number density g correlation length
of the particles

Memo: “Fluctuations” mean space or time fluctuations of densities (electron or scattering length 62
density), concentration, dipole moment, spin, etc.



Part 1. Structural Analyses of Polymers by

Small Angle Neutron Scattermg

f
@ Energies governing soft matter dynamics

Large internal degrees of freedom 100MeV ;m'\‘l / '9"»'
(entropy) 10MeV %
MeV A
Photo synthesis, B
electrochemistry, cells, 10keV
. h Xray —» P

synthetsc chem%stry, CuKa By.7ko\l ionic bonding
Catalytic chemistry, 1keV NaCl 771kJ/mol
electroluminescence, etc. —

\ - >

Anvalant handins

chemical reaction — TMJ/mol ’ / v 300kJ/mol (wate Polymer
— v .
visible "gm — 1eV - 100k)/mol hydm dlng chemtstry

L 10k)/mol <e—/ 10 - 30kJ/mol

100me\

natitran acattarinn

Polymer  thermal energy 10meV = 1kJ/mol
physics atrt.

T

.lkJ/m' 1/10 of HB

Soft and erX|bIe

TmeV

Energy related to soft matter
KT = 0.6kcal /mol (~20 meV)




&
@ History of network polymer and gels

2000s
Super-tough

19805~£°'s
= Thermo-sensitive1989
gels
ég:e?_s Nonergodicity
HIWO\:\IIOH =
! oo ts/ < an Megen)
. ‘ 1955 A Volume phase
n 4+ Soft contact / transition (Tanaka
lons / 1976
1930s Percolation theory
lon exchange / ’ (Stauffer-de Gennes)
@ resin 1973
1907s \ Collective diffusion
Bakelite 1943 ‘theory (Tanaka)
A839= Swelling
v:lcebben'ized 1940s (Flory-Rehner) theory
Sol-gel transition LHcOr Yy
(Flory-Stockmayer)
65
A "4\
AW/
Historical innovations

in network polymers

Rubber, Ebonite, Bakelite Ion exchange resin
Goodyear (1839) Dr. Leo Bakeland (1907) (1935)

Still kéep their significance as industrial materials since their discovery.



{@ Tough polymer gels

Haraguchi
Itoh (2002)
(2001)
gggg) Sakai
(2008)
(c) double network (DN) gel  (d) tetra-PEG gel
67

Normal-abnormal transition
in butterfly patters

u

stretching direction

Karino et al., Macromolecules, 2005.
r=1 A=3 A=5 A=9

0 A

(aNCgel CV-SANS;
] Peeling off of adsorbed chains

stretching —|

high extensibility

large <R¥?

Nanocomposite gel ~ Haraguchi, Adv. Mater., 2002 Shibayama et al., Macromolecules, 2005,
Nishida et al., PRE, 2009.



Various types of inhomogeneities
in polymer gels

polymersoln. } ~ polymer gels
dynamicfluct. I R \ 2 A 7 W (crossHink
[ ¥ Y. . inhomogeneities)
spatial topological connectivity mobility
inhomogeneities inhomogeneities inhomogeneities inhomogeneities
AN Wt
B o
% 3
) o
A ‘t)_f&\;\ >>C>) ~<

M. Shibayama, Bull. Chem. Soc. Jpn. 2002, 75, 641-659. 69

* Buried reaction point * Self-biting

T
. .
. .
. 0

RCTTLLENN
. 5 o N
o
- * B4 .
o . o s,
o ., o ",
Y . $ .
N .
. . 5 )
[ HE I 3 *
. . . .
. N . .
. . P .
S s
s, o . 5
. 0 *, -
e, i . Q
0N RS . K
. . . o
. .
annmey

0 .
........

Il Inhomogeneous structure



‘'etra Network

* Reaction front is always on the
* surface

-+ +

* No self-biting

1 Homogeneous structure

Exploration of realization of
ideal-polymer network

Cross-linking of telechelic polymer

Telechelic polymer multi-arm crosslinker

Cross-end coupling )

At -

Symmetric multi-functional polymers

(
W Dd U1 U < U U

Module assembling by “cross-end-coupling”
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Stress / MPa

30F T T T T =
Tetra-PEG Gel
25 60mg/mL g
ol Mw=10k ~5wt% A
1.5 o
10 Acrylamide Gel |
0.5 Agarose Gel —
0.0 4
0 20 40 60 80 100
Strain / %
J—
< 30 T T r -

MP

{9 Cartilage ~10MPa

’ Tetra-PEG gel

0o ydroxyl

; :ﬂ(l’?'- PEG chains
92). Tetra-functional
macromer

o

)
Z_‘hg lekbﬁb'z@h&’n Air Museum

XI|CN2.‘I . i Y= CO-+CH, )909_.‘
A new type hydrogels with extremely low inhomogen¢ities
like a “soft diamond” ¢
amine N-hydroxysuccinimide-glutarate

TA TN
T. Sakai et al. Macromolecules, 41, 5379-5384 (2008)

: Mechanical Properties

~ 14wt% MEHEE
ol Mw = 20k a

20 40 60 80 100
Compressive Strain [%]

74
T. Sakai et al. Macromolecules, 41, 5379-5384 (2008)

(=




Tetra-PEG gel

Advanced physical, chemical, and biological properties
1. high compressive toughness (superior to cartilage)
2. high transparency
3. biocompatible and nontoxic
4. easy and quick preparation

Etc.

3x speed
~1 ml_ps

Remarkable properties of Tetra PEG gel

Tetra-PEG ball vs power ball 10*

Tetra Gel ?-Power Ball

Only 15%
polymer

the reflection coefficient = 0.84

network ade of
“elastic blobs

Macromolecules, 43, 488-493 (2010)



S
@ Tetra-PEG gel: dried, stretched,
re_-swollen 10,000 g/mol

stretched

Recyclable without
chain scission

77

reswollen

subcutaneous implantation
of Tetra-PEG eI

The back of immunocompetent mice
100mL of Tetra-PEG was implanted under anesthesia.

One week after implantation. 78



7
As-prepared gels
Tetra-arm Tetra-arm “soft-diamond” gel
polymer A polymer B " (
Tetrahedral structure
TAPEG TNPEG
Sk Sk
10k 10k
20k 20k .
40k 40k  Symmetric condition

Comparison of SANS functions of gels prepared by
crosslinking of telechelic polymer vs Tetra-PEG gel

PTHF; made by end-coupling of

telechelic PTHF (Takahashi, 1995) For ordinary gels

1

y r L L TaT 1 Inhom. Solution-like
Telechelic PTHF | —=—cr5eG e ] 1Oy, 1O0)o
O PTHF gel(U102)] ] ) e
N |- OZ fn. : (1+2%¢7) 1+57d
~ = = Gauss fn.
— Gauss+0Z

=2 2
I(g)=15(0) exp[_ 2 3q }+ 10)oy

- 1+ 52 qz
g 0 s |
= Gauss (/4
OZ function
1(0
g~
1+&%¢q
10" ke L A
102 10" Note: Tetra-PEG gels can be
g/ A’ described by only OZ fn.

80



*
\]
4

1. SANS functions are well fitted by the OZ equation.
2. There appears an upturn at low ¢’s, particularly for low Mw’s.

Ay
d 6]
¥ | 7 As-prepared gels
A ,li 3 3
LS
¥ N 2 02
s ¥ [0 g-00 o %,=0035% 1(0)p,
= P #=0.0531 #y=0.0531 I(q) ~—L
[ ¢y =0.0709 ¢, =0.0709 1+ 52 2
191 E| v =006 | v w=o0sse q
E|< ¢=0.106 $ | @=0124
g; > =0.142 4| > w=0142
TH 608 IR R 36“"1‘\%‘7‘?‘%“‘2 3553 M%%Huul
106 2 1w 100" = 10’
q[A7] q[A7]
T e () e .
10° 10" & tetra-PEG gel-40k]
3 —cor oo for o 3
10"
4
—_ — 10"
= ; ¢ = 0.00886 -
£ 1%~ gy = 00133 g ;
= Gl v #=00177 g =003
S 04 < g=00354 5 10, )
<ol > 4y=00531 <10 !
] o ¢=00709 )
o gy=0.0886 .
ol X ¢,=0.106 .
107 ¢1:0.124 ‘ 107 .
L iyl =
6789 2 3 4 56789
lo10? | A 1002 71 o
q[A7] q[A7]
Messages:

81

M, dependence of & for Tetra-PEG gel

]OO 28 T T T T T T ]
4 B U U A
i FTaE ]
20K slope ~ 088
100 40k: slope ~-0.78| 3
80 8 B
60i\ 1 -3/4
L ‘S ~ ¢0
7 8 901
log ¢, [-] .
e ’ 1 (Exclusively for
—o— Tetra-PEG-5k 4 Ok 1
o T RGOk -40k gel)
—0— Tetra-PEG-40Kk]|
20+ -
e\a\c\—o\‘:
| | | | | | T
0.02 0.04 0.06 0.08 0.10 0.12 0.14
¢ [-]
Note: &M, =40k) < &M, =5k)!!
Messages:

Tetra-PEG-40k recovers a proper behavior of polymer solutions
In semidilute solutions, while Tetra-PEG-5K is far from it due to
its short arm length.
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Model of inhomogeneities
in as-prepared gels

TNPEG I'APEG TNPEG

Sk-Tetra-PEG gel 40k-Tetra-PEG gel
83

........
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Scattering curves and Master curves
of Tetra-PEG gel-5k

SELR T LR | ' LIS T P R AL | ': loo i LA R | T N | L LU LU |
i ] 10'F -
10° 5 Tetra-PEG gel-5k| 7
: SANS I
10'E 4 % - ]
o) : i & 1
5 [ 1 e 10 3 3
< 0%k { £ i ]
. ] < 10k .
© 40 mg/mL 1 E [ o 40 mg/mL 3
60 mg/mL C 60 mg/mL ]
10" I 80 mg/mL - 80 mg/mL ]
3 © 100 mg/mL 7 © 100 mg/mL ]
. © 120 mg/mL ] 107 E | o 120 mg/mL & 3
© 160 mg/mL ] £ | © 160 mg/mL 33
107 G 3 T — :
10” 107, 10 10 10 10
q[A] q-£-]
85
T IIII T T T 1T IIII T T LI IIII T T T T 71T III C'QO~P{OON5VMU .
17 s oA
10 3 ; chu er-nz;l o o
E -‘. G .\-:' " 4 g
L Clustering of free PEG Chains o 0
6] o ~500 A o .
107 0508, Polymer network free from inhomogeneities
5 E 55008 Islopel >2 & -
= i 1(q) 1
= I 2~ D
15
w 10 78 1+ ()
s | T
~ - slope = - -
S 10"k -
It E E Q=AQ0"+C{1+(QL)"}+ B
Lo 5k_master curve 1
13 | A 10k_master curve 7 Hammouda et al.,
107 £ Z igllz_mastef curve = Macromolecules,
E _master curve ]
F| X linear PEO(100k) Hammouda ] 2002, 35, 8578,
L | | 2004, 37, 6932.

107 10" 10° !
q-&l-]
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Deformation SANS for Tetra-PEG

A =1.00 A =3.00 A =500

@ Deformation mechanisms of super-tough gels
M. Shibayama, J. Phys. Soc. Jpn., 78, 041008 (2009)

Conv. Gel Slide ring Nanocomposite
(chem. Gel) gel gel Tetra-PEG gel
V BRI
= & /\, = & <= éwt:mo =
// < ' ENS
g AT .
Deformation ; > |
model

_///:— Co\._

Mech. Prop. brittle H@gh elasticity o H@gh elasticity " H%gh elasticity N
High deformability High deformability High deformability
Low C, :decreasing

inhomogeneities Very large

High C, .increasing il none
Serteh. R Abnormal Normal / abnormal Normal Sotropic
P lig. like/gel like  liq. like/clay scatt. 1Sotropt
Charac. Inhomog. Movable Plane crosslink, Elastic blob
feature str. cross-links large molec. wt.





