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L__ — Traditional transmission imaging

Lambert-Beer law

— -2
Beam limiter

- n I ¥

Spatial discrimination between materials of different cross-section

Archaeology Fuel cells Materials science
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Reality is more complex

But 2 is more than just a number...

Normalized flux [-]
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1 (A)dA = j | ,(A)e=P*dA

Interaction (Z) depends on the neutron energy

Incident beam spectrum I,(A)

Traditionally imaging: spectral averaged Z

Information is lost
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Traditional neutron imaging

But 2 is more than just a number...
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|J___ Energy-selective neutron imaging

But 2 is more than just a number...

NG = j 1,(A)e *P*d)
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,ing: spectral averaged 2
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A radiograph for each wavelength
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A closer look...

A closer look at the iron samples

0.8 -
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Polycrystalline Fe

T T T
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T, Single Crystal Fe
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This lecture: investigate the Z(A) to probe new sample properties
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|J__ Cross section

Cross section = interaction probability

Neutron - Matter
Interaction

Microscopic cross section o:
Absorption 7—++:-D. “: :. _— :' ::

# neutrons undergoing interaction per target nucleus
incident neutron flux

Macroscopic cross section >:

2 =No
2 =% N = density of nuclei
M = density of nuclel

P = mass density
M = molar mass

N, = Avogadro’s
Clearly the interaction (cross-section) is wavelength constant (6.022e23#/mol)
dependent. What interactions are there possible?

02.10.2015 | AUNIRA - S. Peetermans 13
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|J___ Neutron capture (absorption)

An incident neutron can be absorbed by the nucleus:
Formation of an excited compound nucleus
Prompt y-emission
Radioactive decay (B,y)

101s _
Hettron . .o [A-particle
)
§
"\lculmrl b Rndimnl\rs—]-My §
capture dcca}' 3
Target ‘-“"'P"-‘“""! %, 4
nucleus S
! " mem- —
e Al g gamma X
4 F 3 e F4
radintion
P TJ-.rn ioi
X gamma X
sl radiation a

| | | | | I i |
T T T T T T T T
1E-8 1E-7 1E-6 1E-5 1E-4 0.001 0.01 0.1 1 10

Incident energy (MeV)

“The slower the neutron, the more time it has to interact and be absorbed”
Or Limit of the Breit-Wigner equation for describing resonances e
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- Activation of samples: example Cu

I
| Nuclide chart
Horizontal axis: #neutrons

Vertical axis: #protons
Color = radioactive decay type
Black = stable

[No parity fiter

Datab:

7] NEA

£ | Nudear properties

63
29 C u 34

Stable 3/2-
L/ Nubase 2003

gt e Lol e A=-65579.3 (0.5)

Radioactive data B N E Abndnc=69.15% (15)

[mE=E=R

Inddent neutron data
Incident gamma data
Indident proton data
Inddent deuteron data
Incident triton data
Inddent He3 data
Incident alpha data
Heavy particles data
Incident electron data
Indident antiprotons
Incident kaons,negative
Incident kaons,positive
Incident pions,negative
. Indident pions,positive

R0 EEEDEEEEEE

| copper/oa N: 38 Z: 29  A: 63 | 75/ce 47 pixels

http://www.oecd-nea.org/janis/ Check the nuclide chart to see what \}ou can expect.
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Activation of samples: example Cu

[§ JANIS NEA - Nuclear properties - Nubase 2012 - Basic properties

File Database Search Chart Help
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Unknown
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Nudide / Compound
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g |
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[= 1. Nudear properties

[}y Nubase 1997

. Nubase 2003

b L, Nubase 2012

‘e
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| Inddent gamma data
| Inddent proton data
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- | Inadent alpha data
k
k
k
k
k
¥
!

. Heavy partides data

. Incident eleciron data

| Incident antiprotons

| Tncident kaons, negative
| Tncident kaons, positive
. Tndident pions,negative
1. Indident pions, positive
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44
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A=-65424.1 (0.5)
B+=61.5% (3)
B-=38.58 (3)

Let it decay of a day or two before you can
take it home after experiment.
>< Aluminium: t; ,~2min

Copper/Ca

N: 35

Z:.29 Rh: B4

421 of 455M

http://www.oecd-nea.org/janis/

02.10.2015

AUNIRA - S. Peetermans

16



PAUL SCHERRER INSTITUT

|.J___ Coherent and incoherent scattering

In many materials the nuclei form an ordered, periodic structure.

If phase difference equals nA, with n=1,2,3,...

A
4\ '\,\ reflected waves in phase (constructive

interference):

Scattering is Coherent

GI J @\\ Condition: 2dsind=nA

Amorphous materials:
no periodic structure is present
scattering is Incoherent

02.10.2015 AUNIRA - S. Peetermans 17
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Single Crystals and Pollycrystaline material

A\

Single crystal

02.10.2015 |

30
§515
V4 \ |
Bragg’s law L B PR R B
\
30
25+ |
Ni
ZOM / |
E’... 151 | - __—Cu g
g2 M ._4»,-‘ 1“ - /‘ i
All orientations &, | - =T )
Diffraction until A, ,, = 2d,,, s / ]
Followed by Bragg Edge | , , | I
1 2 3 4 5 6 7
LA
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Periodic (?) structure

@

00

Different isotopes,
‘ Interaction with nuclear spin |

combines as J*=| )5
EEE) neutrons see this difference

12 14
Cs Cs

Not truely a periodic structure for our
incident neutrons

02.10.2015
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|.J__ Often you have both coherent and incoherent scatt.

Periodic structure of
average scattering length b

Corrections to it (random)

20000
00600

02.10.2015 | AUNIRA - S. Peetermans
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|J__ Elastic vs. Inelastic scattering

Crystal at room temperature; Atoms feature thermal motion
The energy associated with atomic vibrations is quantized:

Incident neutron can
Transfer energy to the crystal (phonon creation)
Get energy from the crystal (phonon annihalition).

: o energy transfer
. energy transfer

http://www.phonon.fc.pl

25

N
o
1

nlhe|
inc ||

a
abs

=

Wavelength 7. [A]

a
w
T

Cross section s [barn]

The higher the neutron energy (lower A),
The more phonons can be involved

Ginc / c)-cohN

02.10.2015 AUNIRA - S. Peetermans
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|J__ Different moderators, different average energy
Spallation ) | — |
arget Example: SINQ ™, —
Cold source 08+
(D, @25K) g
% 06
Thermal 5
moderator 2 0a

SR
(D,0 @297K) &P

1 \ ||| \
\ 4 \
t b

FUTRA i
j 1 (A)dA = j |,(A)eZM%d)
A

A

If we use the full beam spectrum, we

get the average thermal or cold cross-
section

e S
SINQ neutron source

02.10.2015 | AUNIRA - S. Peetermans 23
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I.J___ Filters

e Cross section high before the Bragg cut-off, low after

* Take a block thick enough, only neutrons A>Ag, get
through

e (Cool it to limit losses above Ag, : reduce inelastic

. phonon scattering)

Be  Typical materials: Be (~4A), C(~6.7A)
o e.g. ICON (CH), 100mm in selector wheel)
08f * For people wanting only epithermal neutrons:
0.7r Cd filter (thermal resonance). E.g. Antares Il (D), 2mm in
5 06 selector wheel), NPP control rods
8 sl
g M\
2 04r
0.3
02
01p
0 l‘tll.l“‘.a‘. 1 llll'l “u“hllxl l ‘l‘
1 2 3 4 5 6 7 8 9 10
A A]

S
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|J__ Double crystal monochromator

2d sin @ = ni

Set crystal angle to 6,5\,

Second crystal parallel to bring it
back in the original direction

02.10.2015 AUNIRA - S. Peetermans 25
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|.J___ Double crystal monochromator

2d sin @ = ni

Set crystal angle to 6,5\,

Second crystal parallel to bring it
back in the original direction

Set crystal angles to 8,>A,,
+ translate

Typical crystals: PG002, Ge, Si

02.10.2015 AUNIRA - S. Peetermans 26
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I.J___ Spectrum

Higher order contributions (n=2,3,... reflections)
2d sinf = nA

Crystal set to 8>A, also A/2 (n=2), /3 (n=3)...

Solution: PG002 + Be-filter / Ge, Si: 2" order forbidden (F=0)

Spectrum
T T T T T T T T 9000
——— NEUTRA by [A]
1r i ICON set
8000
i BOA - 3
. 5
08 —©—6
5
= |
B o6f [l
N
T
E
(o]
Z 04t
0.2 /
0 J
1 2 3 4 5 6 7 8 9 0 Aoa . ;
A [A] 1 2 3 4 7
S
02.10.2015 AUNIRA - S. Peetermans 27
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|.J___ Spectral width

Single crystal
= small blocks (~¥100um) of small misorientation

=

This is called

So 6 and hence A ar no 6-function

The better the monochromaticity, the less neutrons you get on you’re detector!
(So the longer the exposure time for one image, let alone a tomography)

Si, Ge: too perfect (AA/A <0.01%), hot bending to introduce defects
PG002: Commercially available, only ordered in the [002] direction, the choice in imaging

Imaging:
 Mosaic spread ~ 0.4°
* Monochromaticity AMVA ~1-3%

S

02.10.2015 | AUNIRA - S. Peetermans 28
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LJ___ Spectral uniformity

Imaging implication:

Beam hitting left vs right side FOV:
AB ~ 0.5° (+5 to -5cm FOV @ 5m)

01

gy A1
—6—3
—o—4
5
6

Slightly smaller angle, of
slightly shorter wavelength

-0.05H

Horizontal position [cm]

Morgano, M.; Peetermans, S.; Lehmann, E.; Panzner, T. & Filges, U.
Neutron imaging options at the BOA beamline at Paul Scherrer Institut
Nuclear Instruments and Methods, section A, 2014, 754, 46-56

‘m——

A A
<

Slightly higher angle,
slightly longer wavelength

~

Crystals horizontal: same wavelength within the slice,
vertical gradient accross sample

Crystals vertical: broader effective wavelength band,
vertically homogeneous

Slices in horizontal
A-gradient

4 o

02.10.2015 AUNIRA - S. Peetermans
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I.J___ Neutron velocity selector

AMN/A=15%

+ Relatively high count rates
+ ES Imaging past Bragg cut-off
- Sharp Bragg edge imaging

http://www.sii.co.jp/jp/segg/files/2013/03/file_PRODUCT_MASTER_1381_GRAPHICO02.pdf

02.10.2015 AUNIRA - S. Peetermans 30
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l_ Theory
1
FRONT
_ s VIEW absorbing osh
fransnmutting sohiin
. g & 07+
region ‘ . ‘§ oal
G@ ‘ é 05}
aAs
03
0.2
0.1
3I8 A 4.l2 4.Id 4.15 A.IE é 5|2
L Wavelength [A]
Central wavelength Wavelength Spread Tilt w.r.t. the beam

L
y=_an A _ P adf:a@ﬁ
Lm w A a

Beam divergence ¢mm) \Velocity selector tilt  mmm) Spectral shift over the FOV!
Case of ICON: L=400mm, R.=82.5mm, a=12.5°, B=1.6°,y=0.5°, L/D=343

Shift up to 1A over the Field Of View! »

Image taken from B. Hammouda, Probing nanoscale structures — the SANS m&ux

02.10.2015 | AUNIRA - S. Peetermans 31
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LJ___ Measuring the wavelength shift

Ag-OA

}\ +AA

Fe slab

}\0
Calibration energy-scan of an iron plate (5mm)

A shift in the incoming spectrum will also induce a shift in the observed Bragg edge

position \\

02.10.2015 AUNIRA - S. Peetermans 32
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pE

How to deal with it

But know the shiftmap at one wavelength, you know it for all

Vertical distance [mm]

0

-10

-40

-30

-20

Horizontal distance [mm]

Peetermans, S.; Grazzi, F.; Salvemini, F. & Lehmann, E.

05

M, _ A

—_— 0.3}

Al a’R 02f

-

AMA
o

-0.21

A Ao

0.4f

-05

et

AN, _ DA }

®  Top left corner
Average AL

®  Bottom right corner
Average AL/

i g

Spectral characterization of a velocity selector type monochromator for energy-selective neutron imaging

Physics Procedia, 2013, 43, 121-127

35
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|J___ Time of flight

Target Station 2 Pulsed spallation source
e.g. ISIS runs at 50Hz

Palref
Inter _:'
Offspec

Record flight time
I - Neutron velocity
[

Larmaor

Wish

.L - Neutron energy/wavelength

ISIS TS2 lay out (UK)

Each short frame (us) is a monochromatic image
Stack frames (pulses) for sufficient statistics

Whole spectrum recorded at once

Very high energy resolution

Limited by initial pulse width e

02.10.2015 AUNIRA - S. Peetermans 34
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|J__ The right source for the right problem

What if you don’t want a full spectrum, just work with a single monochromatic
wavelength?

L la All wavelengths are
o . .

. continuously provided for
Continuous ..

g

source :
" Select one with
I monochromator
A

Record your frame

Pulsed source . .
Wait until next pulse

I | | A

Traditional white beam: time integrated flux important

02.10.2015 AUNIRA - S. Peetermans 35
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pE

Energy-selective Imaging

Cross section s [barn]

25

20

—_
197

—_
o

Fe

Phase information

Stot

|

|

LI 1 1

4 5 6
Wavelength 7 [A]

Strain Imaging

Absorption range

02.10.2015
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|J___ Enhance contrast for one phase

Imaging just before and just after the Bragg edge for Copper
->0X, large, A, small (its Bragg edge is elsewhere)

Reconstruction of AX provides phase mapping

L ' L 1 1
4 4 "
= " Cu
2 "
5 3 |
y )
g 1 "n
- 24 "
o
3 1 "
‘g 1 " Fe
§ | L
H L
S 0 4 5
] "
Ll T Ll T L]
1 2 3 B 5
wavelength [A]
Kockelmann, W.; Frei, G.; Lehmann, E. H.; Vontobel, P. & Santisteban, J. ‘
Energy-selective neutron transmission imaging at a pulsed source \
Nuclear instruments and methods in physics research A, 2007, 578, 421-434
02.10.2015 AUNIRA - S. Peetermans 38
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pE

Bragg edges - unstressed

unstressed

Bragg edge

90°
2d, sinﬁ =A
2d0 - A

>

02.10.2015
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pE

Bragg edges - compression

d—d,

Strain € =
do

Stress o= Fe

‘ compression _

Bragg edge
90°
2d . sin;f =1
2d. =1

>

02.10.2015
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|.J__ Bragg edges - tension

- tension

!

90°
2d- sin% =1
2ds = A
/\z
d>d,
3 A
d—dy Y ~

Strain € =
do

Stress o= Fe

02.10.2015 AUNIRA - S. Peetermans 41
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|J__ Some examples

Stressing a dogbone sample and perform energy scan
Fit of derivative for increased accuracy in Bragg edge position

-+ Transmission S1
= Derivative S1
—Gauss-Fit $1
| ——Gauss-Fit 82

o]
©o

@
(4]

399 4 4.014024.03

o2}
-
"

Strain
direction

Tranmission [%]

T

b i s 2 . = i Strain values
38 385 39 395 4 405 41 415 4.2 Above 500 us%
500 yie
400-450 pe ]
Wavelength [A] 400450 i B
300-350 pe [
250-300 pe I
200-250 pe [
150-200 pe B
100-150 pe ]
100-150 pe ]
50-100 pe ]
0-50 pe £
-50 -0 pe
-100 -50 pe = 0 5 10 15
Below -100 pe X (mm)

Santisteban, J, et al. Strain imaging by Bragg edge neutron transmission
Nuclear instruments and methods in physics research A,
2002, 481, 765-768

Woracek, R.; Penumadu, D.; Kardjilov, N.; Hilger, A.; Strobl, M.; Wimpory, R. C.; Manke, |. & Banhart, J.
Neutron Bragg-edge imaging for strain mapping under in situ tensile loading
Journal of Applied Physics, 2011, 109, 093506-1 - 093506-4

S
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|_J__ Texture

* No longer all random orientations

* Some orientations occur more than others (preferred orientation / texture)
* Corresponding wavelengths will be scattered out more, others less
 Deformed Bragg edge pattern

e Rotation dependent — be carefull in tomography
e Rather qualitative (only March-Dollase texture can be treated mathematically)
e But spatial resolved — combine with traditional texture determination

——————————— texture-free Al Bragg edges

oo

detector

£ 06
2 04
&
0.2
0 1 | 1 1 1
Experimentally determining diffraction - 25 3.0 3.5 L0 L5
strength for each sample orientation in Wavelength [A] ‘
eulerian cradle L . Boin, M. Developments towards the tomographic imaging x
Bragg edge pattern for a textured aluminium cylinder crystallographic structures. The Open University, S0LL

02.10.2015 AUNIRA - S. Peetermans 43
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|.J___ Texture example

Weld on
rolled aluminium

Orientation map from
electron microscopy

Surface mapping
~ 1day

001 101

Radiograph at 4.6A
Bulk, ~1min

Lehmann, E.; Peetermans, S.; Josic, L.; Leber, H. & van
Swygenhoven, H. Energy-selective neutron imaging with high
spatial resolution and its impact on the study of crystalline-

structured materials. Nuclear Instruments and Methods in Pk ‘
Research, Section A, 2014, 735, 10\

-

02.10.2015 AUNIRA - S. Peetermans 44
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| — Increased sensitivity / transmission
Polychromatic

= — e 1

© ~— Polychromatic

2,20+ :

c 5.0A

2 E

D S,

! 3 P

2 = T[]

O S

o 10 15 1

Q ¢}

§ =z

o

S

=
y 2 4 6 8 ,

WEVEIength I‘A'l 1 loomadd oo pUWChmma‘Ic ............................ ........
(0]l | FTA  seweesd ............... ............... .............. 4
54 i - :
08 :
_o7r

* Increased transmission just past the 5 08l
Bragg cut-off £ o5}
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PAUL SCHERRER INSTITUT

| - Sensitivity example
sample | V& e Hydrogen content in Zirconium (LOCA accidents NPP, e.g. Fukushima)
ti e
@19 | « The colder the spectrum, the more sensitive to small amounts of H:
8 0 NEUTRA — ICON — BOA
9 0.127
10 0.268 = B
11 0.312 N j Samples: M. Grosse, KIT
Experiment: P. Vontobel, A. Kaestner,
12 0.418 S. Peetermans, T. Panzner, PSI
13 1.924 | R Analysis: P. Vontobel, PSI
Zirconium Hydride: ZrH;
T & net_att_coefl_BOA Il . ‘— NéUTRA
o 1 1 HAS |
p NE:ITP:A_mr_rl:_S\‘g_ZMZWle P =
5000 +— i Eoe:::‘g‘ﬁi\ﬁ_stg_zmmcm e 08
% 4.000 Lo et ot o B0V o e / % .
g i o //.7 %
g3000 - g
g Z o4t
= 2.000 —
1.000 — 0.2
0.000 T T r r T v r T T
0 02 04 06 08 1 12 14 16 18 2 0
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I.J___ Quantitative neutron imaging

White beam problems...

Beam hardening Scattering contributions

= | | % | {

%20 k (_ —— ICON spectrum \ *

Dominant coherent elastic scattering
suppressed past Bragg cut-off

a.u.]

Microscopic

2 4 6 8
Wavelength [A]
Short wavelengths attenuated more Scattered neutrons still hit the detector

behind the sample

Thickness increases
— colder beam Transmission through sample overestimated

- lower effective cross-section Cross-section underestimated
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P

Quantitative neutron imaging

White beam problems

Microscopic Cross-section [barn]

Iron step cylinder | 0o |
Tomography Zavg((:j;;)
(polychromatic/4.5A) ) | _ | 6. (45A)
@ 20mm o-profile 15 0.5 0 05 1 15

201

Beam hardening

—

Fe

Wavelength [A]

: ICON spectrum ||
LR 4.5A |3
~
! o }
2 =
\ c
o
=
o)
5 =z
) ) ) Fe
2 4 6 15 v

Scattering contributions

10F

Total microscopic cross-section [barn]

Horizontal dimension [cm]
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pE

Single Crystal (SX): Bragg dips

2d., Sn@=A.,

Single crystal: Bragg dips

Position: crystallographic phase,
crystal orientation

Width: crystal quality (mosaicity)

095
0.9F
085
0.8

e 0.75r

0.7

0.65

0.6

0.55

0.5

—_

A [A]
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Single Crystal(lite)

Monochromatic imaging

—

Al

I ™
M“

] _ . —r.l | | l Il | ‘I‘ | | | 1
2dth 3N 02 - /]hkl % 15 2 25 3 35 4 45 v

! P4y

A pixel
Crystallite contrast
Different orientation, : -
Add 2nd crystal _ _ _ if above spatial
Different Bragg dip location resolution

S
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Single Crystal: Bragg dips

Monochromatic imaging

—

Contrast
invergion

2d,, SN 6, = A

v

A | | pixel
Crystallite contrast
Different orientation, : -
Add 2nd crystal _ _ _ if above spatial
Different Bragg dip location resolution

S
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Single Crystal: Bragg dips

Monochromatic imaging

—

T L
t

Contrast

Wﬁ]"“”"“"“"”’“‘-ﬁf* a M ’WH‘*’W 1 inyersion

“_;vuyw'»g_‘ ‘,;*,*.MITMT.’(W ? F@ﬁ’éﬁ%ﬁ‘ﬂ
, 'i.\:“ e
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|

{
06|l U ‘| I
i f— | 1 1 | “.I | _JI_ 1 i i ——
2dhkl 3N 92 - /]hkl % 15 2 25 3 35 4 45 v
AA pixel
_ _ _ Crystaltizd contrast
Add 2nd crystal | Different orler-mtatlon,- No dfysbaliees patitriast,
Different Bragg dip location pure eleasehitibrontrast

O
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Example: monochromatic imaging of the Mont-Dieu meteorite

Mineral inclusions
Crystallite morphology
- - Classification of meteorites

www.voicechronicle.com -3 ‘

Peetermans, S. et al., Analyst, 2013, 138, 5303—530 4

. ,'.7.'

RV
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E | Energy scan of single crystal

Mapping of crystal properties
1 (orientation, phase, mosaicity)
at 1O|(_3Hm sgaiiﬁal reso ution

Orientation map

~coh,el

S

X3

Vertical axis [mm]

_0‘1 L 1 1 1 1
1 . .

6 8 10
Horizontal axis [mm]

(1 0 0) closely aligned to the beam

15° difference between both
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ICON / Sektor 52 Draufsicht

Questions?

- 1896 —

kol , 4677

- 520 I 4503 498 310' 2'530 | 834 1434 hgil i 6'258 Verschlussplatte aussen - Zentrum
Energy-Selective Imaging \ Monochromators Source
N NS

A S NS B

N \%\\\k\?\\\\\%\\\\\\\\:&\\\\\
NN

6'258

5002
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PAUL SCHERRER INSTITUT _
|J__ | have some guestions
The absorption cross-section is 3 barn at 2.5A, what’s it at 5A?
| ] C. 9 barn D. I'll have to look it up
c)-abs ~A

wa it s ts s wm on

| Mw
If | want exploit the Bragg edges to see a phase transition, | will choose a spectrum that is
A. Thermal B. Cold I

3 4 Kl 7
Wavelengtn 7. |A]

| expect the Bragg edge position to shift by 0.01A due to strain. The best option js to use:
A. Velocity selector B. Double Crystal Monochromator C. Time of flight

Velocity selector Double crystal monochromator Time of flight

ANA=15% ANA=2-5% ANA=0.5%
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