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Neutrons: Why we care about

1) Magnetic Moment + strength of the interaction

] ) = scattering length (b)
* Magnetic structure / materials

* b depends on : isotopes

) nuclear spin (if non zero)
2) Spin

) * b ‘defines’ scattering cross section (o)
* Polarized beams

. = refl h i i
» Coherent and incoherent scattering Ocon = reflects the main scattering event
2
o = 47Z'<b>
3) No Charge coh
* Highly penetrating the weak interaction * 0;,c = reflects the variance of the
with matter means that distribution of scattering lengths

* Nondestructive —  radiation damage is

* Probe Nuclei ey low o = AT [ < b2> B < b>2:|




Neutrons: Why we care about

Scattering cross section
1) Magnetic Moment Ocoh Oinc

* Magnetic structure / materials

2) Spin

H @1.7

* Polarized beams

@erent and incoherent sca@

3) No Charge Sensitive to
. . Isotopic
* Highly penetrating Substpitution 0.001
* Nondestructive
o 0.5




Neutrons: Why we care about

1) Magnetic Moment

* Magnetic structure / materials

~
0 %D,0 41 %D,0 64 %D,0

2) Spin

* Polarized beams

@erent and incoherent sca@

3) No Charge Sensitive to
Isotopic
Substitution

* Highly penetrating

* Nondestructive
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Neutrons: Why we care about

— Allow investigations and

: .. correlations of
1) No Charge 3) Ene_rgles are similar to tIf!e _ structure form A- to
. . energies of elementary excitations
* Highly penetrating nano-scale
. — together with
*N
ondestructive 4) Wavelengths of neutrons are molecular motions on a
similar to atomic spacing nano- to pico-second
2) Magnetic Moment _J time regimes.

* Magnetic structure / materials

3) Spin
* Polarized beams

» Coherent and incoherent scattering



Neutrons: Why we care about

particle hadrone physics

particle hadrone physics o red
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Neutrons: Why we care about

momentum transfer energy transfer
Q=k -k  E=E —E,
.
3 Elastic Scattering
d
n ) E =0 Elastic ———» time-averaged structure
| E = 0 Quasi-Elastic  dynamic behaviour

Quasi-Elastic E>0 Inelastic of the sample

Scattering

(diffusive
motions) Incoherent Inelastic
Scattering
— (internal modes;
Molecular vibration)

w=0 Excitation energy (hw)




Neutrons: Why we care about
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QENS: What it is

QENS is a broadening (Doppler effect) in the energy transfer function as
consequence of local motions and/or diffusional events.

Broadening ~ Doppler effect

0 ) 1tto W

Teixeira J et al (1985) Phys Rev A 31;1913



QENS: What it is

QENS is a broadening (Doppler effect) in the energy transfer function as
consequence of local motions and/or diffusional events.

Energy domain (Q,m) > Time domain (Q,t)

SE ' T ' ' ] 1.2 ' , * '

4_ _ | o 1.0k -
= L SQo)=—— 1Q.ne™dt T~
. QTT J+eo = Particle immmobile
g. _f g osf :
m_lé_ 04F Article moving |

0- Jk f I;D:O: o ‘ ‘ |

-8 -4 —2 0 2 4 6 0 20 40 80 BO 100 120

ho (meV) t (ps)

] .
10.t)==—[G(r,H)e"® dr | . .
2r Intermediate scattering function

Autocorrelation function

Berrod Q et al (2018) Web of Conferences 188, 05001



QENS: What it is A

i

QENS is a broadening (Doppler effect) in the energy transfer function as
consequence of local motions and/or diffusional events.

In these regards the scattering function (S(Q,w)) contains information about the static
and dynamic correlations of distinct nuclei (S.,,)

and the spatio-temporal correlation between identical nuclei (S,,.)

S.., = How do atoms behave in relation to other?

C

Relative motion

S. . = How do individual atoms behave independent of other atoms?

Self motion

S(Q.0)=S§,,(0,0)+§, (Q,0)

inc

Suec(@0)=3,,(Q,0)85, (Q.0)®5,, (Q,0)



QENS: ‘Vibrational contribution’

Assuming that vibrations are harmonic and isotropic:

1
——(
— 37 :
Sw-b(Qaa)) =€ Mean Square Displacement

(Debye-Waller factor)

The rotational and translational terms are generally assumed to be independent (the

motion is decoupled) and described by Lorentzian functions, whose linewidths are
respectively Q-dependent or Q-independent.

5 (@:0)=5,(0,0)®S5, (Q.0)®S,  (0.0)
=HWHM

_1Q2

5, o= "(s, 0.0)8S,0.) >




QENS: ‘Translational Contribution’

Continuous diffusion (e.g. Fickian diffusion):

1 I
Sinc (Q’a)) - 2 2 A
Tl +w - CcT
I = DO’
\ 4
Macroscopic Diffusion Valid for Q' >> a D = exp(— Ean/kT)
(a = mean distance between neighboring

atoms in the liquid) 2



QENS: ‘Translational Contribution’

Deviation from Fickian diffusion: Q' = a

(neutrons can see microscopic details of the diffusion process)

/ Jump Diffusion

(‘,:% I. Center of mass diffusion
’D il—T, (time in each position -‘oscillati

before moving)

iii. 1, (time to actually move to the next

sition)

\ iv. Length of the jump




QENS: ‘Translational Contribution’

Deviation from Fickian diffusion: Q' = a

(neutrons can see microscopic details of the diffusion process)

f Jump Diffusion \
(‘,:% I. Center of mass diffusion

< A. 1, >> 1, = Continuous diffusion

bf A. 1, >> 1, = Singwi-Sjolander

TSI IS 1y L —

K iv. Length of the jump /




QENS: ‘Translational Contribution’

Jump Diffusion

i) Alternation between oscillatory motion and direct motions (Singwi-Sjolander)
i) Jump diffusion with a Gaussian distribution of jump lengths (Hall-Ross)
iii) Jumps on a lattice -fixed jump length- ( )

F(Q)=DQ2/(1+DQ2TO) f
Q)= — (1 exp|- 212/6))

0

r(©)=—(1-sin(0n/01)

0




QENS: ‘Translational Contribution’
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Teixeira J et al (1985) Phys Rev A 31;1913



QENS: ‘Rotational Contributions’

Assuming that our motions are Localised (e.g. rotation):

Stationary part (EISF) + Decay part (Q-independent contribution)

() [ 4,(0)8(w) X (1- 4,(0)L(0, ) ]

'=HWHM

S;l:stic ( Q)

EISF =

elastic uasi—elastic
Sinc (Q) + S;ic (Q)




QENS: EISF

1) Jump between 2 equivalent sites

[ 4@ =(1+,0)
N S(0.0) = 4,(A)8(@)+ 4(Q) -
ii) Jump between 3 equivalent sites
4,0)=3{1+2j,0r3)
5(0.0)= 4,(Q5(@) + 4(Q)

e’ ———

i) Free-diffusion inside a sphere

4,=(3/,(0a))
(x))’D/a’

S(0.0) = A°(Q)3()+~ Y (21+14'(Q) :
e [(x:l)2 D/az} +w’

structure factor

0.0 b=

Bée M (1988) Adam Hilger, Bristol
Volino F, Dianoux A (1980) Mol Phys 41;271



QENS: Preparing an experiment

1) Aicigent (A; monochromatic TOF)

2) Q-range (A) __ ‘slower protons’ appears as immobile (5(w))

3) Dynamical Range (meV) ‘faster protons’ appears as background

5) Instrumental Resolution (meV)

Local diffusion @ Long-range diffusion + elastic contribution

Y Intensity (au)
150

i
dynamic window = "I BS F TOF I TOF
(movement detectable) 50 -
Long-range diffusion
1wﬁ 400 +
l Slow dynamics ol Local diffusion
Instrument or Local diffusion 20
Q=0.43A A=8A; Q=0.43A" A=5.2A; Q=1.46A"

Perrin JC et al (2007) Eur. Phys. J. Special Topics 141, 57



QENS: Preparing an experiment

Direct geometry

H/

SAMPLE

DETECTOR

The incident energy is defined before
the sample by a chopper system and
the final energy is determined by
time-of-flight between the sample
and the detectors.

Distance

[ Detector

Neutron Neutron Defines

energy gain ﬁ' energy loss /' E-window
—

<Ef:>1/2mv2
h v =D/ tof

DSD

C2

Monochromatic pulses:

set ==

¢ (phase T
adjustmen WL ez
t) defines  cuomers

EO

Pulsed white beam

lETime-of-flight: Continuous white beam

—p

(ToF) Time

Berrod Q et al (2018) Web of Conferences 188, 05001



QENS: Preparing an experiment

Indirect geometry or Backscattering

Neutron Neutron
DETECTOR /e_rirgy—l%energy gain
SAMPLE Detector
8 PG Analyser
C
©
17
The sample is illuminated by a O | sample

white incident beam, the incident /
energy is determined at the sample

position by the measurement of the
time-of-flight, and the final energy bulsed white bearm

is measured by a monocrystal. Time ‘

Berrod Q et al (2018) Web of Conferences 188, 05001

ho = E;- E




QENS: Preparing an experiment

6) Sample composition

‘Common’ Sample can

7) Sample mass/thickness
*  Aluminum
* ~0.1/0.05mm

8) Can thickness internal thickness

1

90% transmission

|

Reduced multiple scattering




QENS: Preparing an experiment

6) Sample composition

7) Sample mass/thickness

Gas diffusion

8) Can thickness

1

% t issi
90% transmission
Active area, 4
with channels s 1
and ribs ©  Insulating gasket

Reduced multiple scattering
Fuel Cell (in operando studies)

High-Pressure Cells

Maritnez N et al (2017) J. Phys. Chem. C 2018, 122, 1103
Foglia F et al (2019) Sci rep , in press



QENS: Reducing data

1) MANTID Partners Contributors
Oxfordshire, UK azhi Oxford, UK
ISIS at Rutherford Appleton ISIS\.". Tessella, Technology & Te Sse"a
Laboratory Consulting “ALTRAN GROUP
MANTID
Tennessee, USA Sydney, Australia
I %OAK RIDGE  sNs&HFRat 0ak Qnsto yene ANSTO
National Laboratory Ridge National
Laboratory villigen, Switzerland PAUL SCHERRER INSTITUT
SINQ at Paul Scherrer Institute
Scandinavia CUROPEAN
European Spallation Source O SovRce Copenhagen, Denmark McStas
. . . Neutron scattering simulation
https://www.mantidproject.org/Main_Page ¥/ / Grenoble , France Q-
NEUTRON Institut Laue-Langevin
FOR

2) LAMP Primary ILL, but also FRMII

https://www.ill.eu/users/support-labs-infrastructure/software-scientific-tools/lamp/download-links/

... many others



QENS: Reducing data

1) MANTID

Diffraction
Direct
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l " Background Removal

Analysis

|| Detailed Balance 300.000 K :

Rebin (meV)
' Do Not Rebin

< Low: 0.00000

Spectra Min: 963 .

Start: 0 uS = End: QuS

Scale by factor: 1.00000 2

o Width: 0.00000 |2 High: 0.00000



ENS: Reducing data

2) LAMP — e
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QENS: Reducing data

Regardless the facility (spallation source and/or reactor) and the program (/platform) you are
using to reduce you data the 1st thing to do is:

MONITOR NORMALISATION

l

Neutron flux ‘can change’ over the time, therefore the flux has to be normalised by counting the
total number of neutrons before hinting the sample

l

A beam monitor is placed before the sample so that the total flux of neutron impacting the sample
and the total counts of the monitor are normalised with the detector efficiency



QENS: Reducing data

Regardless the facility (spallation source and/or reactor) and the program (/platform) you are
using to reduce you data the 1st thing to do is:

MONITOR NORMALISATION
EMPTY CAN

!

which usually contributes ‘massively’ to the elastic scattering



QENS: Reducing data

Regardless the facility (spallation source and/or reactor) and the program (/platform) you are

using to reduce you data the 1st thing to do is:

MONITOR NORMALISATION
EMPTY CAN

VANADIUM

|

~purely incoherent scatterer; provides an absolute
cross-section calibration and serves to determine
the ENERGY RESOLUTION.

‘slower protons’ appears as immobile
(ELASTIC contribution; hw=0)

Smeasured (Q ? a)) = Stheoretical (Q’ w) ® Resolution

SAMPLE AT LOW T (~2K)
(FWS)

!

The T-dependence of the mean-square
displacement (msd) of hydrogen (H) atoms can be
computed assuming that oscillations are
harmonic and isotropic. This condition holds only
at sufficiently low T (£100K).



QENS: Acquiring data

1) Fixed Window Scan * itresembles a DSC scan and is useful for locating transitions
* T at which the dynamics enter the time window of the spectrometer

Elastic (mean square displacement & ‘n. of proton moving’)

Inelastic (diffusional or rotational? And E_)



QENS: Acquiring data

2) QENS * dynamical properties of system under analysis
* Tchosen form FWS

- é [ ) ¥
o - QENS |

! é é O * <& ’ T, bslow ﬂ I d\\'
_ oo - © 09 : el
» %0
IR R B
R \ 20,71 | d,,,
: A LR SACTE
pro % 1nm ¢ ( 4
= 0.1 o @
& b @ D loc (QENS)
QQ * D nano (QENS)
o Ds (PFG-NMR) L TGNMR, 1 pm
0.01 &E_—
0 5 0 15 20 25
d. (A)

Proton hopping

Berrod Q et al (2017) Sci Rep 7:8326
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