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Techniques for the Measurement of Microstructure
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Single scattering

Multiple scattering
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Single small angle neutron scattering. Theory.

General Results for a Two Phase System
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Multiple SANS. Moliere’s formula.

| Basic assumption: scatterers are uncorrelated. I

For small angle scattering qLlKk,

[ scattering vector ] [ wave vector of incident neutron ]

_k-k
K|

The scattering problem 1s equivalent to diffusion in the plane of 0

Let us introduce a vector 0

0 1 Kk,

In this case the MSANS theory remains analytical to the end!
Two equivalent approaches

PN

Moliere — considering Bethe — solution of
successive collisions transport equation



The standard transport equation

total scattering differential scattering
cross section cross section

dP(©,]) / ( / )g
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distance from

number of scatterers probability to find
the sample surface

per cm? a neutron at angle 0

Equation 1s translationally invariant.

It can be solved by a Fourier transform.

P(®,]) = j d*uexp(iud) exp(—cl[o(0) — o(u)])

1
(27)°

o(u) = j d*0 exp(—iub)o(0)



SANS Instrument Schematic

2D neutron

Neutron Velocity |
Guide Selector ™
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Collimation 'pinholes’

Small-Angle Neutron Scattering (SANS) probes structure on
a scale d , where

0.5 nm < A <2 nm (cold neutrons)

A (wavelength)

d» 2(9 (scattering angle)

0.1° <0 < 10° (small angles)

I nm <d <300 nm



Double crystal diffractometer schematic.
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M and A are monochromator and analyzer crystals,
S 1s a sample and D i1s a detector.

o, 1s an angle of rotation, Oy 1s the Bragg angle. 1) Instrumental line of DCD 1. (8)
Intensity of neutrons on the detector D at A= 1.75 e

1s measured as a function of rotational ’

2) becomes SANS curve when a sample is
angle o, of the analyzer.

placed between crystals



The experimentally observed dependence of the beam
intensity on the analyzing crystal rotation angle f

1(8)= O_Edkf’(ﬁ _ o) (@)= %Idxcos(ﬂx)f’(x)]ms (x)

where [, (x) 1s a Fourier transform of instrumental line [ s (a)

Y
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P(a)=Fd(a)+F (a)

| instumentalline |
1(B)=F1,,(B)+1,(B)



HelTPOHHO-CHMHXPOTPOHHAA TUATHOCTUKA MUKPOTBAJIOB

CTpoeHue MUKpPOTB3J10B

uo,
IIupoyriepoa HU3KOH
IJIOTHOCTH
Iupoyriepon
BBLICOKOI IJIOTHOCTH SiC-3C
Heurponnast paauorpagus PenrreHoBckasi paguorpagpus Ha

MMKPOTB3JIOB KUCHU (Meanana)

AJnMaszHbld QUIbTp, sKcrio3uiys 30 MuH
HeoboraiieHnHbie MUKPOTBAJIbI

Hetextop Imaging Plate, CUMHTHUTSIIUOHHBIN JETEKTOP,
OOorarieHHbIe MHKPOTBIJIBI paspenieHue 25 MKM paspeneHue ~ 2 MKM



Small Angle Study of Fuel Particle Coatings

Schematic of CFP sample
mounting into a cadmium plate.
The hole diameter in the
cadmium sheet is ~1 mm, the
uranium core diameter is ~0.5
mm, and the diameter of the
entire CFP 1s ~1.5 mm.

The ratio of the numbers of
transmitted and incident neutrons

a = exp(=1,n(0.360, +0.645,)) = 0,67 iﬁl‘g?id by **U




Theoretical analysis

The experimentally observed dependence of the beam intensity
on the analyzing crystal rotation angle 3

[exp(ﬂ) :%Tdy.cos(ﬂy)exp(_woy/z)oCXp[_%(l—Uy /Uo):|+

+a %jdy -cos(fy)exp(—m,y/2)-exp {—%(1 —o,/ 60)}
0

neutrons passing through the uranium core

The differential scattering cross section on an inhomogeneity of radius R

(sin kRO — kRO cos kRO)’
(kRO)®

o(0)=4(kR)’ o,

The parameters R and specific volume 1 (the ratio of the scatterer and sample
volumes) were varied to achieve good fit between experimental and calculated curves



USANS curves
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SANS angular distributions for core 1-1, measured using the doublecrystal
diffractometer (dots), and their Moliere approximation (solid curve).
Dashdotted curve is the instrumental line of the diffractometer. Curves are

normalized to unity at the maximum.



USANS curves
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SANS angular distributions for core 1-5, measured using the doublecrystal

diffractometer (dots), and their Moliere approximation (solid curve).
Dashdotted curve 1s the instrumental line of the diffractometer



USANS curves
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SANS angular distribution for a set of 32 cores, measured using the doublecrystal
diffractometer (dots), and its Moliere approximation (solid curve). Dashdotted
curve 1s the instrumental line of the diffractometer.



Results

Sample Pore size R, um Specific volume 1
Core 1-1 1.02(5) 0.048(2)
Core 1-2 1.14(4) 0.034(2)
Core 1-3 0.86(4) 0.043(3)
Core 1-4 1.45(5) 0.063(3)
Core 1-5 0.88(6) 0.042(3)
Corel-6 1.10(6) 0.023(4)
Core 1-7 1.36(5) 0.062(3)
32 cores 1.28(1) 0.052(1)

 N.O. Elputin, D.V. Lvov, E.V. Rakshun, A.N. Tyulyusov. Journal of Surface
Investigation. Xray, Synchrotron and Neutron Techniques, 2010, Vol. 4, No. 6,
pp. 908-912



Single crystals growing techniques
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Scheme of DCD experiment

Single-crystal Al,O; matrix
densely penetrated by single-
crystal yttrium—aluminum

garnet (Y;Al;O,,) filaments

13

(1) collimator, (2) dual monochromator, (3) Ge premonochromator,

(4) protection of monitoring chamber against direct neutron and gamma-ray
beams, (5) monitoring chamber, (6) basic Ge monochromator, (7) slotted mask,
(8) test sample, (9) Ge crystal analyzer, (10) basic detector to record doubly
reflected neutrons, (11) additional detector to record neutrons passing through
crystal analyzer, (12) crystallographic planes, and (13) sample motion direction.
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Results. Translational motion of the sample.
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Neutron intensities vs. the coordinate x of the translational
motion of the sample.



Results. Rotation of the sample.
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Calculation of the intensity /(0)

In the case of a thin sample from the Molieres theory we obtain

](O) — 7:) (1 — CO-tL)[ins ins

(0)+T,cL j [ (a)I(a)da.

la,)= |o(a,.a.)da,

The instrumental line 7, (o) can be approximated by the Lorentz function
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Calculation of the differential scattering cross section

The neutron optical potential of vertical filament of a transverse size a
U= Uoé’(‘x‘ < a)&(‘y‘ <a)

The scattering amplitude is a Foureir transform of the potential

F(q) =Y, 5( q. ) sin(aq, ) sin(aq, )

hsz kO Qx q);

The differential cross section

16m*U;a’ sinz(aqx)5z q.
h4k§ Qi k,

o(q)=|f(q)| =

The filament makes an angle ¢ with the vertical

sin’(ag_cos@ —agq. sin @)
(¢, cosp—q. sing)’

o(q)=A4 6’ (a, sing +a, cos)



Fragments of the neutron diffraction patterns taken at the constant wavelength

A =1.03 A from two halves of the sample, which were grown at pulling rates
vl =4.15 mm/h and v2 = 10.9 mm/h.
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All the diffraction reflections present on the pattern corresponding to the lower
pulling rate are seen on the pattern corresponding to the higher pulling rate.
However, the latter have a number of extra peaks (one of which is hatched).



Fragment of the transit-time neutron diffraction patterns taken from two halves
of time. the sample. Pulling rate is (a) vl =4.15 mm/h and (b) v2 = 10.9 mm/h. t
is the transit time
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Conclusion

The structure of directionally solidified Al,05-Y;Al;O,, ceramics grown from
the melt with different pulling rates is studied by neutron diffraction and SANS.
It 1s confirmed that the material grown with a pulling rate of 4 mm/h or below, 1s
single-crystal Al,O; densely penetrated by YAG filaments.

For pulling rates ranging from 4.14 to 10.9 mm/h, the filamentary structure of
the Y;Al;O,, phase persists and the matrix phase decomposes into crystallites. It
1s found that the limiting pulling rate at which the matrix remains single-
crystalline lies within the 4-10 mm/h interval.

A direct correlation between the defect concentration and pulling rate is
demonstrated. It 1s established that an increase in the pulling rate raises the
number of inhomogeneities (defects) at grain boundaries in the single-crystal
phase. Even minor variations of the pulling rate due to the unstable operation of
the pulling mechanism have a significant effect on the defect concentration in
the material grown. A change in the pulling rate does not affect the preferred
growth direction of the filaments. This direction 1s the same as the pulling
direction within the experimental error.



bera-2IMP cniekrpockonus

* B-AAMP= MarauTHBIN PE30HAHC U PEIAKCALUA
MOJIAPU30BAHHBIX O€TA-aKTUBHBIX SIIEP

* 3-AIMP ocHOBaH Ha HATUYUHU KOPPEISLUN MEKITY
spepHoM noasgpu3anuei P=<I> u nanpasiaenuem K
BbLJICTA DJICKTPOHA U3 [3-aKTUBHOIO Spa

o W(9)~I+a-P(t)cos3 cosI=KP/kP,

H3mepsieTrcd acuMmMeTpus

* e=(W(O)-W(m)/(W(O)+W(m)=a-P(1),

3neck a~ 0.1 — adeprnas koncmarnma. Bpems t =0
OTBEYACT MOMEHTY CO3JaHHUs [3-aKTUBHOIO SIpa.



Cxema [B-AMP cnexrpomerpa
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1 - neutron collimator
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2 — polarizer of neutron beam, 3 - direct-beam absorber,
4 - chopper, 5 - spin-flipper, 6 - magnet-collimator,

7 - electromagnet, 8 - sample with rf-coil, 9 - B-counters,
10 - analyzer of neutron beam, 11 - neutron counter.
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IIporiecc Murpanyu moJagpu3aluu mno
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TJI€ I,j,m — HOMEPA 3aHATHIX IIPUMECHIO Y3JIOB MPABUIBHOM PEIIETKHU L,
P,,, — BEPOATHOCTb OOHAPYKUTH MOJIAPU3ALMIO (BO30YKICHUE) B Y3II€ I B
MOMEHT BPEMEHHU #, €CJIU B HaYaJIbHBI MOMEHT BPEMEHU OHA ObLIIa B y3JI€ /.




CxeMa 3KcriepMMeHTA.
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Comparison of the theoretical line (upper curve) with experimental
data and with formal fitting line (lower curve).



The Nobel Prize in Physics 1994

"for pioneering contributions to the development of neutron scattering
techniques for studies of condensed matter”

Neutrons show Neutrons show
what atoms do % where atoms are

" Bertram N. Brockhouse Clifford G. Shull



“If the neutron did not exist, it
would need to be invented.”
- B. Brockhouse
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