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Neutron scattering interactions

Neutron interaction mechanisms:

AElectrons; with unpaired electrons via
magnetic dipole interactions

ANucleusc with atomjc nuclei via very short
range (fm) interactions

A Low interaction probability vs-days and
electrons

Absorption:

ANeutron is taken up by the nucleus, formatic
of compound nucleus.
Fission of the compound nucleus may follov

Scattering:

Alrregular dispersal of free neutrons by the
nucleus. May be elastic or inelastic and
coherent or incoherent. The different types
are used in experimental methods
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Typical interactions for neutrons;rdys and electrons

SourceRoger Pynn, Neutron Scattering, Los Alamos National Laboratory
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SourceRoger Pynn, Neutron Scattering, Los Alamos National Laboratory
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M. L. Wissink et alQperando measurement of lattice strain in internal combustion engine X:-L. Wang et alVisualizing the chemistry and structure dynamics in lithiom
components by neutron diffractigrPNAS 117 (20233061 batteries byin-situ neutron diffraction Scientific Reports, 2 (2012) 747
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ACoherent scattering Q dependent scattering,

caused by interference of neutron waves from 4 1.76 8027  0.33
different scattering centres 2D 5.50 2.05 0.00

Alncoherent scattering Constant scattering of  “¢ = 5% 0 0.00
. . . 14

neutrons in all directions S .-

o O 42 0 0.00

Alncoherent scattering is caused by: 2al | 150 00l | 023

AVariations in the nuclear spin direction in time 28 512 0 0.18

AVariations in isotopes and/or elements ke 12.42 0 2.59

Coherent and incoherent neutron scattering
and neutron absorption crossections

do 2 —i0.(R-R, 2 2 T .
E:@ Y e E I (b7) = (b) N Whereébdis the average scattering length and, thus,
lf [ &b?dis the variation component of the average squared scattering length
Coherent Scattering Incoherent Scattering
(scattering depends on the (scattering 1s uniform in all directions)

direction of Q)
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Visualization of the differential
scattering, I.e., Scattering at af——————>
angleginto a surface dV

_ Jocident

X
p dC}
B
N Scattered
'.r.-"_“ .
radiation
f

Thus, neutron scattering can be viewed as tAregeam
dimensional (intensity, scattering angle and energy
transfer) and is made up of four components

Y
Inelastic coherent scattering
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Inelastic incoherent scattering Elastic incoherent scattering
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Target

SourceMichaelKotlarchykin Encyclopedia of
Spectroscopy and Spectrometry, 1999
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K. Tuulgt al., Int. Journal aflydrogen Energy 48, 51 (2023) 19646
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Intensity / a.u.
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| EIl GH; 00 éAO 0739e aee GO
AecéHae2a0GeecEET G311 2RPBEABGLENROODBO:, GOYEA-
q 2 A - NaAlH
® A - NaAlH
® &l Confined in mesoporous carbon
Bulk t +-NaAlH, @ -NaAll, ®-Al
Ll U I .
All @ 10 cycles ¢ A = e DGR S 3 —
E 9 b & @ ® ,;Sc:ycles ®
2 1 1 ] L 1 | a—
3
Al Al &10cycles d\ s 20 25 30 35 40 45 (O) 50 55 60 65 70 75 80
o~ Confined in
—
Pl |10 cycles ¢ microporous
M S S SR R S | i W i v carbon
25 30 35 40 45 50 55 60 65 70
20/°
R. Palm, et al., Microporous Meioporous Mater. 264 (2018) 8 K. Tuul, et al., Int. Journal of Hydrogen Energy 48, 51 (2023) 19646
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NaAlH Na,AlH; NaH Al
Space group 14,/a P21/c FnBm FmBm
alA 5.027 5.346 4.882 4.039
b/A 5.027 4.039

c/A 11.371
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;QT@QgéjaaéggaitagéqﬂﬂogglcmoEOAH9A0|HEc
Gl ¢ HAOEOEij G2l OEe 4 OA
A10i case Gé R &ARLERGT EO X HB 0.33
KAZ 2V Hh 2 05 0.00
A eenieeAaBIEOACGEa,HéERA 120 5% 0 0.00
ArTaRéeen021 110062642001 ¢ “N 1103 08 191 {
ca’2HeOINnEGH2001 caéc GéHe 0 4z 0 0.00
3NaAlH; — NasAlHs + 2A1 + 3H, T Al 150 0.01 0.23
28Gj 2.12 0 0.18

Na;AlHs — 3NaH + Al + 1.5H,T

3NaH < 3Na + 1.5H,T
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A Neutron scattering of empty sample holder
A Subtraction of empty sample holder scattering from sample scattering
A Removal of Zregions not ideally subtracted

Pristine sample
Sample holder
Subtracted

I (a.u.)
|
-
—
[
i

. ) A .\

20 30 40 50 60 70 80 90 100 110 120
20(°)
R. Palm, et al., Int. Journalléydrogen Energy 47, 80 (2022) 34195
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1500 t=382h
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= 1000 | - Yeale
% Residuals 7
500
A — P
0 i .wwﬁwm AP
rd) 3rd cycle max formation B
2000 - {=453h Q
| Yabs ~3745 |-
—~ 1500
:i L H r” - Yeale E\‘
:? 1000 . . . Residuals 350 +
500 F %
i rurY WYY oL [ L 1 )l s i ot B I 300 [ N N | N N N | N | | | N | N
20 30 40 50 60 70 80 90 100 1 10 120
20(%) 0 5 10 15 20 25 30 35 40 45

R. Palm, et al., Int. Journal of Hydrogen Energy 47, 80 (2022) 34195 ! (h)
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A No detectable decomposition at 420

A Main equilibrium between NAID; and Na

In sItuNPD and

A Detectable Drelease when heated to 420 K

- Ist cycle
i T

3 4 s
t (h)

0.5 1.50
2nd cycle | ~-3rd Cycle

I T doa L T 1.25
le 1 — - pD2 _ ] 00 —
. 0.3_§ ' _§
1 = i H075=
402 of a
TR —40.50 =~

101 [ 1025

L I E—— 'y )| : : . —1——10.00

17 18 19 20 33 34 35 36 37 38
¢ (h) t (h)

R. Palm, et al., Int. Journal of Hydrogen Energy 47, 80 (2022) 34195
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Highperformance materials:
A Supercapacitor electrodes Chlorination of carbides (M€ = MqC, TiC,

100

L

[ A0 "’ / S I C) :
10 } %69 ) ] L 3 e, /
B | PVl 5% Me,C(s) +xy/2Cl,(g) - xMeCl(g) + C(s)
§ [ —®—Sol-gel TiC-CDC 1 M Et;MeNBF, + AN \' |
o 1 —o—Sol-gel TiC/2%CNT-CDC 1 M Et;MeNBF, + AN y % - Purlflcatlon In Ié ﬂOW at 900 C
E GDC-CO, 12 h 1 M Et,MeNBF, + AN 51 \A
[ —O0—TiC-CDC 900 1 M Et;MeNBF, + AN 1
| —+—GDC-CO, 12h EtMelmBF,
01 ~—&—TiC-CDC 950 EtMelmBF
. 0.01 0.1 1 10 100 1000
P/ KW kg~
R Harmaset al,, ElectrochimActa 283 (2018931 @)
A H, and CHadsorption Ar o=
T ] T ]
< 3.0 large volume and SSA - ¥ 3.0 Jarge volume and SSA -
X | of pores above 1 nm A 5 ] -l
s h of pores above 1 nm - 3
5 2 Z 251 e 1) 3)
= Q
£ 50. 2 50/ l. - - CI2E> HZ/HGE>=
@ O ' 3 5 -
o ] © 1 e u J . . . . .
2 15 £ 15 u Principal CDCsynthesisset-up: (1) Cl, flow meter, (2,3) gas flow
£ ] § o] & controllers (3) four-way gasvalve (4) samplein a quartz boat;, (5)
© ) T T T T T T J T 1 T ’ _'l’ T T T T T T 1 1 y .
& 01 02 03 04 05 © s00 1000 1500 2000 tube fl{ma_ce (6) sample in a quartz b_oat, (7) quartz tube; (8)
Volume of pores below 1 nm, cm®/g SSA of pores below 1 nm, m?/g neutralizationbath; (9) neutralizationsolution; (10) open/closevalve
G. Yushin et al., Adv. Funct. Mater. 16 (2006) 2288 http://hdl.handle.net/10062/41997
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AGeneralized GuinigPorod: A Contrast matching with deuterated

1@~ (b1 ™+ Gexp| 52| )+l ra < toluene (GDy):
ATo substract density fluctuations
Q) — ax (b g™ +%) ‘l, forQ>Q inside the adsorbent
| o APartial filling of pores to probe
As ¢ dimensionality factor, where: different pore sizes

s= 0 in case of spherical

s= 1 In case of cylindrical

s= 2 In case of lamellae (dlike approximation)
AR, ¢ Radius of gyration

B. Hammouda, J. Appl. Crystallogr. 43 (2010) 716
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® SIC-CDC dry
a) e SiC-CDCH,0
= SiC-CDCD,0
A SIiC-CDC H,0:D,0 (1:1)

& TiC-CDC dry
b) e TiC-COCH,0
= TiC-CDCD,0

A TIiC-CDCH,0:D,0 (1:1)
— Model fit

= Mode! fit

Measurements performed on V16 at now closed BERII react

r 100000 -
_ 10000 Ez::.m_? ; 10000 F~ .:— ;--‘ R
50 ——5 [SiOfSTy o - - o
. | g 1000 TS ITEREES
; = ‘O! Q (") g m(:;.)il()ﬁ f).(;()? ().l,]l_]f% ()‘(;()‘) 0.010
MY EE s f» cocoo
Rl gt ~ 10 = CDCS800
o (£ = €DCY00
- — -GGPm
| 0.1 Lo : )
: 0.01 0.1
| 0 (A
shape
Decrease
GSiC 1000 Spherical gMC’Zg;gg 1. 2(2) ; 23 1; = .
. Mo 1. 5 18.1
GTiIC950 0.7 Cylindrical 4.7 13 2 In pore
GMo,C900 1.46 3.10 20.3 curvature
GMo,C 1000 1.6 Slitlike 8.4 29 Wg,G Averaged pore widthd ¢ Porodexponent
s¢ dimensionality factorR,q Radius of gyration
H. Kurig, et. al., Carbon 100 (2016) 617 R. Palm, et al., Carbon 171 (2021) 695
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100000

L a /—J// = /%\ CDC 700
Whole g 0t s e | PP Cﬁ%\\\%\\//\*&
= e L‘__T::E:{_: .
porosity 5 1] 1 T oo
SR e

A 0.01 | | .Q/IAWI MU' | —= \\j\/ 144/\ NK

10000 | g £ e g/\&///\v&
. : o0 3 RRESE =
Partially filled 2o} ® | AL GHET =

—_ E = CDC 700 _ e S C — CDC 1000
porosity s " = cocsw = o=
~ 10f = CDC900 == \ -
< | = CDC1000 S \ /
- - — - GPPm fit e - \ /
R Y ‘ ) ) L : e deuterated

0.

@, /Al toluene w

1
I T
A A A
23
29

8.3°0.1 1.69°0.01 4.00°0.05 27.1°0.1
10.3° 0.1 1.71° 0.01 3.95° 0.02 33.9°0.1
900 53 34 13.1° 0.1 1.63° 0.01 4.00° 0.07 42.2° 0.3
1000 53 56 8.9° 0.8 2.00°0.10 4.00° 0.04 30.7° 2.9
R. Palm, et al., Carbon 171 (2021) 695
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BHE . AGEEERR3Ié6AAL EacHEéEeAILECT HIE
1000§a - C-SiC 1000 2.4 Ig"
- C-SIC 1000 5.4 mmo|g'1 E:jié%ﬂf,iﬁ .01 C-Mo,C 700 e 40K
b Z  Gmnecmponant 10K § S 50K
- : — =— Cumulative fit _
E 10} 50.001
“ 1E-4 £
0.1
0'01-1.'0 -08 06 -04 02 00 02 08 10 0 075 050 -.0.25“ 000 025 050 075  1.00
E/ meV E/ meV
R. Harmas, et al., Carbon 155 (2019) 122 M. Koppel, et al., Carbon 174 (2021) 190

9.12.2025 Neutrons for Sustainable Energy; Hydrogen Storage 26



Ly VaRhi{dz RANMHAAZ2Y AY RAGSNEB

Combined analysis of smalhgle neutron ~ EifeCt Of pore geometry ongtonfinement

scattering and quasslastic neutron
scattering results:
ALower dimenstionality pores confine
H, more strongly
AAt equivalent loadings}A & o FNR I_§
spherical pores vs cylindrical and-slit 3 |
like pores ;; -

-15
m  C-TiC 950 2.0 mmol ¢

e C-SiC 1000 5.4 mmol Y
A C-Mo,C 1000 1.2 mmol ¢

Possible thank to:
ANeutron scattering properties of H _ R ARN

A Application of physical conditions of Pl
Interest < <>

0.020 0.02¢

R. Harmas, et al., Carbon 155 (2019) 122
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A At higher Hloadings the QENS broadening is better characterised by multiple Lorenziar
AEach Lorentzian corresponds tgjimps in different timescale

M. Koppel, et al., Carbon 197 (2022) 359
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