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Neutron imaging measures the transmitted neutrons
though an object

Source Object Detector

%OAK RIDGE | g6 (Figure source: aven.amritalearning.com . (2013). Shadows and Pin Hole Camera.)
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Transmitted neutrons recorded as image/images

Continuous neutron beam
z O..

Incident Transmitted

Volume
reconstruction
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Neutrons interact uniquely with matter

X-rays photo electron

absorption
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A. Tengattini, et al. Geomechanics for Energy and the Environment 27 (2021)
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X-ray cross-section
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Neutron cross-section
(Zhang Y. The University of Utah; 2016)

A Non -destructive
A High penetration through metals
A Sensitive to light elements (H, Li, etc.)

A Isotopic contrast
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Gupta, D., Zhang, Y., Nie, Z., & Koenig, G. M. (2024).
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Neutrons | nteract
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Cross-sections (barn)
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The MARS instrument at HFIR
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Example: visualize live root system
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Switchgrass  Maize

Al chamber

%9&5}5{2&% EE%L;E%“ON (J. Warren (PI), H, Bilheux, M. Kang, S. Voisin, C. Cheng, J. Horita, E. Perfect, Plant Soil, 2013)




Resolve the composition gradient in graded superalloy

Build
Direction

Laser Travel

Direction
Scale: mm
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Huang S., Shen C., An K., Zhang Y., Spinelli |., Brennan M., Yu D., Frontiers in
Metals and Alloys , 1, 1070562 (2022)
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Measures molten salt densities at MSR operating
temperatures
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%OAK RIDGE | geactarion Moon J., Andrews H.B., Agca C., Bilheux J., Braatz A.D., McAlister A., McFarlane J., McMurray J.W., Robb K.R., Zhang Y.,
National Laboratory | SOURCE Engineering Chemistry Research , 61, 17665-17673 (2022)




Resolutions and FOVs

S
High-res (1x) 36 x 24 mm 2 3.8 10-15 900 s 1 image/second
High-res (.5x) 50 x 48 mm 2 7.63 20-25 300 s 1 image/second
High-speed 88 x 88 mm 2 43 ~100 T 74 image/second

Balanced 88 x 88 mm 2 16 ~50 3090s 1 image/second
High-speed ' High-res (.5x)g

(Sample credit: George Williams)

Gap between
lines = 100T m

Gap between
lines=201T m
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IPTS-27734, Y. Zhang, 2022
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Transmission mode
resolves micro features (10 -100T1 m)
INn cm sized samples n

Go down to smaller length scale  ?




What is neutron grating interferometry (  nGl)?

A neutron imaging instrumentation that enable
the utilization the wave properties of neutron, to

. - . P
spatially resolve sub T m internal features iz
g
Interference
. Sample pattern G, position
I (cm size) / — T. Reimann et al., J. Applied
- a : Crystallography. (2016)
- e :
H =
a - .
k| E ] O
— = %8) z
- - <
E | =
E | =
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1 2
i -1
Source Phase grating Analyzer Ra";gf‘;a fsvsiggi‘ignom T
grating p=10-5017 m grating P Transmission Image (TI)

Y. Kim et al., Applied Sciences (2022).
(Sample courtesy of Dr. Chris Fancher)
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What is neutron grating interferometry (  nGl)?

A neutron imaging instrumentation that enable /ﬁ\
the utilization the wave properties of neutron, to I :

_ v . P el e o WL
spatially resolve sub T m internal features G| & \);/
2
Interference
y Sample pattern G, position
(cm size) / T. Reimann et al., J. Applied
L o — & Crystallography. (2016)
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Source Phase grating Analyzer Ra"; gf‘;a Esvsig(leti%;rnom ,
grating p=10-507 m grating P Dark Field Image (DFI)

Y. Kim et al., Applied Sciences (2022).
(Sample courtesy of Dr. Chris Fancher)
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More about this sample along with the NGl results

Photo EBSD Transmission (TI)

Dark Field (DFI)

Inconel

Region 2

y (mm)

Region 1

Two different
cooling rate regions
in an Inconel
sample

(Sample courtesy of Dr. Chris Fancher)

EBSD image is from Plotkowski et al., Additive Manufacturing. 46, 102092, (2021).
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How to Interpretate the DFI?




Scan through various correlation lengths to understand
the length scale

Interference
Sample pattern
(cm size) /
- : Neutron
pl1= Autocorrelation length Wavelength

N
. _0 M

Detector
N

A EEEEEEEEEEEEREE — X

\ \ =

Source Phase grating Analyzer
grating p=10-50T m grating

Y. Kim et al., Applied Sciences (2022).

(Sample courtesy of Dr. Chris Fancher)
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Scan through various correlation lengths to understand
the length scale

¥

Interference
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Source Phase grating Analyzer
grating p=10-50T m grating

Y. Kim et al., Applied Sciences (2022).

(Sample courtesy of Dr. Chris Fancher)
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Plotting the dark field intensity vs.  0in region -of -interest
(ROI)
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0
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Autocorrelation length (nm)
DFl A Indicating different microstructures between
(Sample courtesy of Dr. Chris Fancher) selected ROIls
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Measurement of suspended PMMA spheres in solution as

a calibration standard

Tl DFI

(Sample courtesy of Dr. Fankang Li)
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A The curves indicate the size of the PMMA  spheres,which
match well with the spec. (~100 nm in the top cell, ~150
nm in the bottom cell)

A Some settling observed in the bottom cell, resulted
difference in number density of PMMA can be observed




NGl capability at MARS

Two setups to cover ACL ranges from ~40 nm to ~3400 nm

ACL Coverage for 2.5 A
(Max. sample distance = 20 cm)
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Sample courtesy of R. Dehoff
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Imaging at a pulsed source (SNS)

Energy-dependent

Detector radiographs
Hg Neutron pulse \ l |
Target ' -
\ —
< 0
Proton \ C“—“
pulse Moderator
Incident Transmitted
TO L > T I(X, y, t)
Courtesy of Y. Zhang, ORNL l
N (X, Y, )
— -/ — A or
1(/)=1,(/)e™)> mh=s)— (% y. B
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Higher energy neutrons can also be used for imaging (neutrons of energies
higher than 1 eV ). Resonance Imaging

2.8cm
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Zhang Y., Myhre K.G., Bilheux H.ZTremsin A.S., Johnson J.A., Bilheux 3iskowiec

A., Hunt R.D.,Santodonato L.,Molaison J.J., Neutron Resonance Radiography

and_ApphganQn_tQ_Nugle_aLEugI_MaIﬂLaJs" Transactions of the American Nuclear
Society,(2018).
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http://answinter.org/wp-content/2018/data/pdfs/287-26287.pdf
http://answinter.org/wp-content/2018/data/pdfs/287-26287.pdf

Resonance imaging (> 1eV or < 0.286  A): preparing
your experiment

A Soil surveys, contaminants in soil, etc.: newons __|g=27 | overa
8 transmission through 0.01 mm thickness of Mt Co (between 1 and 5 A) = 99.5 % thraugh beam
& transmission through 1 mm thickness of " Zn (between 1 and 5 A) = 96.4 %
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natCo and "¥tZn Zn isotopes
1.2 1.2
100 eV =0.0286 A —Co —in — 7 —s4zn 65-Zn 66Zn  ——67Zn  ——682Zn ——69Zn  ——70-Zn

1 1

c 08 0.8
o c
ra Q
S o0 &

. S 06
c 3
+ +—
b £

o
~
o
=Y

o
[}

J l 0.2
| i |
0 S—
0 100 200 300 400 500 600 700 800 900 1000 0 -
0 100 200 300 400 500 600 700 800 900 1000
Neutron energy (eV) Neutron energy (eV)

%OAK RIDGE | geactarion | |
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Resonance | magl ng: preparing

A Hg contamination in soil

8 Assumptions: 0.1 mm Hg (13.6 g/cm 3) + 12.5 mm SiC (with 1.5 g/cm 3)

A Transmission (1 and 5 A) = 66.4 %

1-
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Resonance peaks plotted
with:
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Using epithermal neutrons (energy > 1 eV), resonance
Imaging can map the isotopic content in advanced
nuclear fuel materials in 3D

U Distribution of elements drive the performance of the novel advanced
nuclear fuel materials

—— Exp
0.4 T | U
| U |  Gd
| Gd 0.3
0.3 c
g 0.2 % 0.2
E 0.1 ‘:% 0.1
0.0
0.0 A
| [l B — —_— \ |
10 20 30 40 50 60 70 — | | | |, L1 | | |
Energy (eV) 16 18 20 22 24
Energy (eV)
U Quantitative analysis is being developed using in -house open -source

Python package ( ResoFit)
Myhre K.G., Zhang Y., Bllheux H.Z., Johnson J. A BllheuMskOW|ec A Hunt R.D.,

SPALLATION
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SOURCE N_e_uILo_n_Lmagmg Transactlons ofthe AmerlcanNucIear SOCIet)(,2018) ]
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http://answinter.org/wp-content/2018/data/pdfs/264-26727.pdf
http://answinter.org/wp-content/2018/data/pdfs/264-26727.pdf

Bragg edge imaging: how does it work?

SO B PRSS, Different Bragg edges | (/) = IO(/ )e‘ m/)x
e e | measure different phases N
and lattice spacings, dy. m/)=s.(/) Y

The height of Bragg edge
provides the amount of a
specific phase.

Neutron
Transmission

Barton J.P, Bilheux H.ZBossiR.,
Herwig K.W.,Santodonato L.,

Taylor M., "Chapter 12: Neutron
Radiography for Non ructiv

Testing", Nondestructive Testing
Handbook, Fourth Edition: Volume
3, Radiographic Testing

(RT)(2019).
3D printed Neutron Wavelength hid
Inconel 718 éa dlorah | The position of the Bragg
%0[\1( RIDGE | spaLLation < ' : > a‘t HFIgR p edge, ahkl = 2 dhk|, |S a measure
Natonl Laboratoey | Gince” 1 cem B of the strain in the sample



https://www.asnt.org/Store/ProductDetail?productKey=78f4798c-cfb2-44df-92dc-1c0e97b106ca
https://www.asnt.org/Store/ProductDetail?productKey=78f4798c-cfb2-44df-92dc-1c0e97b106ca
https://www.asnt.org/Store/ProductDetail?productKey=78f4798c-cfb2-44df-92dc-1c0e97b106ca

Principle of Bragg edge Transmission

V Utilizes thermal and cold neutrons (approxmately between 1 and 10
VObeys Br aglg,s &dLsiaéy,simplifies: T,,=2d,
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The perfect case study: powders

" Pure Ni powder o8 |
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Song G., Lin J.Y., Bilheux Xje Q., Santodonato L.,Molaison J.J. SkorpenskeH D dos Santos A.M. TquC A, An K. St0|caA D.,Kirka M.M., Dehoff
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NEUTRO

National Laboratory | SOURCE Imaging at the Spallation Neutron Source", Journal of Imagmg,s 4, 65 (2017)



http://dx.doi.org/10.3390/jimaging3040065
http://dx.doi.org/10.3390/jimaging3040065

Materials Behavior: Monitoring residual strain relaxation and preferred grain orientation of
additively manufactured Inconel 625 by Iin -situ neutron imaging

Fig. 8. Strain distribution (in microstrain) at the (111) Bragg edge measured at room temperature along the sample thickness direction X. SNAP beamline. The image
integration time was about 2 h at SNAP. i, value iz taken from the annealed sample #]-8 (average across the entire sample). The legend indicates the strain values in
microstrain.

I ,’v// ’ ‘
B€ ]:(ele _-. )SNS [ &
— 2
¥ 0AK RIDGE | st I_“ } TR s S PR

National Laboratory | SOURCE

—_—




Engineered Materials: Monitoring residual strain relaxation and
preferred grain orientation of additively manufactured Inconel
625 by in -situ neutron imaging (10 min measurements)
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z 2.5 4.5 ' ’ pﬁﬁ: Fig. 16. Varlation of the standard deviation of the reconstructed strain as a function
Neutron WH\I‘E'EI‘IEI:"I I:A] of image integration dme. Three different gzes of the area used for pixel grouping are
used for straln reconstruction, as indicated by the legend (in mm?).

¥ OAK RIDGE | i Tremsin et al, Additive Manufacturing, 2021.
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Tremsinet al, Nuc. Instr. Methods in Phys. Res. A, 2021.




Autonomous Hyperspectral
Neutron CT Experiment
at ORNL

PR

Up to factor 5 improvement in time
> Optimization of the scan based on the unique
sample geometry
> Ability to provide real -time reconstructed data
A\ Autonomous using advanced iterative reconstruction
Decision methods

S

e

Al Quality Sample Adaptive
¥OAK1RIDGE SPALLATION Evaluatlon - SCannIng AngleS
National Laboratory | SOURCE (aCtlve |earn|nq)




<311> Bragg edge reconstruction at ~ 2.17

Our advanced algorithms/methods

Conventional reconstruction methods

fbp-recon_.Ang-num_015 - O X fbp-recon_Ang-num_027

124/250 (rec_fbp_00123.tiff); 400x400 (400x400); 32-bit; 153M
$ / e e

FBPES 27
WQJEC'[IOH’.;;&; ,.

124/250 (rec_fbp_00123.tiff); 400x400 (400x400); 32-bit; 153M

A+02A

x
recon_Ang-num._015 - 0

svMBIRS 15
projections

4 ]

125/250 (rec_svmbir_00124.tiff); 400x400 (400x400); 32-bit; 15

x1 recon_Ang.num_027 = (O

125/250 (rec_svmbir_00124.tiff); 400x400 (400x400); 32-bit; 15

“Final result

sVMBIRS 27
projections

4 J

MSE along reconstructions

- Thresholds

0.05 4
MSE  5.689x 1073 -
SSIM 0.634

0.03 4

1Zhou Wang; Bovik, A. C. ; ,
error: Love it or leave it? A new look at

6 Me a noz 4

Signal Fidelity Measurcaﬂs_L

Processing Magazine, IEEE, vol. 26, no. 1,

pp. 98 -117, Jan. 2009.

17. wang, A. C. Bovik, H. R. Sheikh and E. 0.00 -

P.Simoncelli, o1 mage quality asses Lk ‘\
From error visibility to st{{»/uc{,urﬁl ~§| @?I g?l@ﬁy
IEEE Transactions on Image Processing, c,? s & & & & &8 .:,,

vol. 13, no. 4, pp. 600 -612, Apr. 2004. LM S S S S S S
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Neutron Imaging Capabilities at VENUS

A Bragg edge imaging

A Resonance imaging

A Epithermal imaging

A Largest field -of-view thermal/cold imaging

A Neutron grating interferometry (to be implemented)

A Polarized imaging (to be implemented)

¥,0AK RIDGE | s https://neutrons.ornl.gov/venus
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Bragg edge imaging:

20 x 20 cm?, spatial resolution ~ 100
Cave Kum, time resolution is 5 ps.
shielding Resonance imaging:
4 x 4 cm?, spatial resolution ~ 150 pm,
time resolution is 150 ns.

P

_ o Beam stop
Front-end optics :

buried in shielding - 1 VENUS wall of signatures

Cave door .8
’ Control hutch

Materials Area
% OAK RIDGE (RMA)

National Laboratory

Radiological J @
|




Largest field of view: 20 x 20 cm 2

20 cm

v

Imaging detector at VENUS ‘ -

<
251
‘;‘»-J

First 20x20 cm? large field -of-view radiograph
measured at VENUS (July 24, 2024)!!!

Spatial resolution mask

%()AK RIDGE | §raLLation
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