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Inelastic Neutron Scattering
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Quasi-Elastic Neutron Scattering




Scattering geometry

v Interaction of neutron with nuclei E

-

Exchange momentum k

/\/\/\l/\/\/\/\/&
A A O A O A A A U S O A

hQ = hk; - k)

Exchange energy

ho = E = E,— E,

v Elastic scattering

> Exchange momentum
- - 2r 4z 0
ki|=|k)|=—70Q0=—sin|—

> No exchange energy



Scattering geometry

v Interaction of neutron with nuclei E
Exchange momentum ki
nhQ =fl(kl~—kf)
Exchange energy _lj:f
k
ho =E=E,—E y

v Inelastic scattering

Exchange momentum
Kinematically allowed region

_’2 - p) - 9) - - -
| Q" = 1k|™ + | ke|” = 2| k; | | kAjcos @ ——
" energy loss

Exchange energy S oL |
£
2 - 2 - 2;/'1_ N
ho = E=—— (15>~ 1§15).. _
2m,

direct geometry case



Scattering geometry

¥ Interaction of neutron with nuclei

Exchange momentum

hQ = hk; - ky)
Exchange energy

ho = E = E,— E,

v Inelastic scattering

Exchange momentum

PV AN VAR VAT

Exchange energy

2
how = E =

2m,

(1K1” = 1%

0
1

-2

. _ﬁ)g (meV)

energy gain o4

Kinematically allowed region

CTOS & | | .
- energy loss

gaip

6=19o
0.5

direct geometry case



Scattering cross section

v double differential scattering cross section,

2
d*c _ I 4 d’o Dynamic scattering

dQdw 1, ¥

v Neutron scattering probability in the solid
7 - angle between €2(6, ) and €2 + d€2, having
Qo kf ’ Ef exchanged energy between Aiw and

& L, do ho + hdw




Scattering cross section

v double differential scattering cross section,

2
d°c . Ig d’o Dynamic scattering
dQdw I dQdw
v Neutron scattering probability in the solid
I > angle between £2(0, ¢) and  + d{2, having
Q kf, Ef
O exchanged energy between /i@ and
¢ ho + hdw
' . . . . da
kli 0 o differential scattering cross section, ——
A o Static scattering

do “Oo d’c I
dQ J__ dQdw I



Scattering intensity and structure and dynamics of the sample

v Neutrons interact with the nuclei in
the sample. The interaction potential
is Fermi’s pseudo potential (for
nuclear scattering).

. L. 2mh*
ke E V(r) = b.o(r —r))
1 =f m. J J
Q,dw n
bj: scattering length
k. E. ‘ v Scattered neutrons are the results of

the interaction with the nuclei. A
little quantum mechanical trick (Fermi
Golden Rule) provides

di;@ IZ 271m Z bb, J: (exp |~i0- {70 = 70 } | expl—iwrlar )




Key points on dynamic neutron scattering
d’c ke 1 = = o - ,
Ode = E2ﬂ_h Jzk bjbkj_oo <eXp [—zQ : ﬁrk(O) — rj(t)}j exp[—za)t]dt>

v Information on the spatial and time correlation between a couple of atoms




Key points on dynamic neutron scattering

d’c ki 1 bbr< [ . {*(O) *(r)}] i ﬂdt>
= . X —1 r — T CXp|—lw
dQdw K 2mh & NP @ e g

v Information on the spatial and time correlation between a couple of atoms

v Geometrical information on the motion is embedded in the data

The dynamics is probed over a length scale determined by O



Key points on dynamic neutron scattering

do % | br< [ 0 {*(O) *(t)}] [—i t]dt>
e — b} exp [—iQ:3r — 7 exp[—iw
dQdw & 2nh S TH_ P - J g

v Information on the spatial and time correlation between a couple of atoms
v Geometrical information on the motion is embedded in the data
—
The dynamics is probed over a length scale determined by O

v Strength of the scattering is determined by the nature of the nuclei



Key points on dynamic neutron scattering

d’c ki 1 bbr< [ G {4(0) *(r)}] ey
e — . cX —1 3 r — I XP|—1lw
dQdw K 2mh & ] NP e Ep B

L Wit

v Information on the spatial and time correlation between a couple of atoms
v Geometrical information on the motion is embedded in the data

The dynamics is probed over a length scale determined by 6
v Strength of the scattering is determined by the nature of the nuclei

v A Fourier transformation relates the correlation to the energy spectra



Key points on dynamic neutron scattering

o _& 1 Y b ro < 0 - 7(0) = F(D) [—iwt]dt
= —— .0y exp [—z - {rk —7; }] expl—iw >
dQdw — k; 2zh & .

k Nil 00 R
5 P |
Pre-factor_ﬁ zk: o J_oo <eXp [_’Q | { 7 (0) = 7(0) }] eXp[—za)t]dt>
relating the ... S

experiment conditions




Key points on dynamic neutron scattering

A R e )

dQdw  k; 2nh 4
ik N —
f . - - .
bb J <eXp [—zQ - {r 0) — 7.(0) }] exp[—za)t]dt>
Pre-factor Z ‘ ¢ /
relating the ‘ Dynamlc structure factor,
experiment conditions S( Q i;\

{S@’, w) = Z b bk[ <exp [ i0 - {Fk(O) 0 }] exp[—ia)t]dt>J




Key points on dynamic neutron scattering

d?c kf 1 be J < é’ 7.(0) — 7:(0) (—iwr]d
= i cXp [—l -{I’k —I”j }] CXpl—1lw >
dQdw  k; 2mh &

(S 9)
— Q0

= kf N %2 bjbkji <eXp [—@’- {7k(0) 0 }] exp[—ia)t]dt>

Pre-factor ik
relating the ‘ ’ Dynamic structure factor,
experiment conditions Q(

1 0 \Q’f'w')
{S(Q, W) =~ %“ bb, Lo <exp [—iQ . {7k(0) 0 }] exp[—ia)t]dt>}
f FT in time S(Q, (V) and S(Q, t) provide the same information on the

spatial and time correlation between a couple of atoms

— 1 g - - —>
{S(Q, 1) = N Jzk bjbk <eXp [_ZQ ' {rk(O) - rj(t) }] } Intermediate scattering function, S( Q . t)




Correlation functions it = O)\
S

—
v FTof S(Q, 1) in space = van Hove space-time correlation function

N
- 1 N - N = g T S
[G(r, n=- Y bb, <5(r _F0) + rj(t))> = J S(O. Hexp [-:Q - r] d% l
Lk —© -
Fy 2 rj(t)
Probability of finding a particle at I"j | FT in space
FT in at time [ given the same or another — 1 — (. . -
space & . (0.0 =~ Y by exp [-i0 - {rk(O) _ rj(t)}
time particle was at 7'y, at time 0 N I

I FT in time

—>including all physics of the system

(S9)
—Q0

{S@’, w) = % Y bjka (exp|-i0 - {7 = 70 }| expl-iwrlar)
J.k




Dynamic scattering

S(Q,w) (a.u.)

Instrumental
Resolution

Fresz full
width at half

maximum

w (a.u.)

v Instrument Resolution

>

Minimum energy transfer
appreciated by the instrument

Immobile component within
the time scale accessed

Equals to elastic scattering
component



Dynamic scattering

S(Q,w) (a.u.)

|

e Elastic scatteril

Inelastic scattering

—

—

k3

A

w (a.u.)

v Inelastic scattering

>

Excitation: neutrons
exchange energy with an
oscillatory motion which
has a finite energy transfer.
E.g.: phonon, ...



Dynamic scattering

S(Q,w) (a.u.)

quasielastic
scattering

N

|

J

4 Elastic scattering

Inelastic scattering

A

w (a.u.)

v Inelastic scattering

>

Excitation: neutrons exchange energy
with an oscillatory motion which has a
finite energy transfer. E.g.: phonon, ...

v Quasielastic scattering

>

Relaxation: neutrons exchange energy
with random motion which makes
another new equilibrium state (no
typical finite energy transfer exists).
E.g.: rotation, diffusion, ...



Dynamic scattering

S(Q,w) (a.u.)

quasielastic
scattering

N

|

J

|

4 Elastic scattering

Inelastic scattering

A

Courtesy of Yanqin Zhai

0

Thermally activated motions
take place in the system

w (a.u.)

Damped oscillator

v Inelastic scattering

Excitation: neutrons exchange energy
with an oscillatory motion which has a
finite energy transfer. E.g.: phonon, ...

v Quasielastic scattering

X (a.u.)

Relaxation: neutrons exchange energy
with random motion which makes
another new equilibrium state (no
typical finite energy transfer exists).
E.g.: rotation, diffusion, ...

2
N

n

ik

> i :
2 1overd amped: relaxation

underdamped: vibration




Energy domain vs time domain

S(0. ) $(Q,1)
FT S(Q,w =0)
static structure
o p t=0 t
S(0. ) $(Q,1)
S(0,t =0)
FT Snapshot
w =0 @
t=0
FT
Sexp(Q’ a)) — Strue(Qa 0)) @ R(Qa a)) H Sexp(Q’ t) — Strue(Q’ t)R(Qa t) Resolution
treatment

Deconvolution Division



Coherent / Incoherent scattering

Coherent scattering : 2dsin0 = nA

‘\
B =
.

Mutual correlation among particles
structural properties
(static/dynamic)

Incoherent scattering: no interference

- e ® » &
™~ : =
S
B ® & » &
- » - » -

Scattering from independent particles

self-correlation
no information of structure
dynamical property of each particle



Coherent scattering

all nucleus scatter neutrons at the same manner

~>

phases of scattered neutrons do not change and an interference occurs
45



Incoherent scattering

nucleus spin distribute randomly

~>

phases of scattered neutrons change randomly and no interference
46



Scattering cross section of atoms

Incoherent scattering cross section of H is much larger than the
others: dynamics of molecules containing H could be well
investigated by QENS

Highlight targeted molecules by selective deuteration



Coherent and incoherent scattering

S(0, ) = ZCJ_ <exp [—zQ . {rk(O) - rj(t)}] exp[—za)t]dt>

v Even for the same type of atom, the scattering length b might vary due to the presence of
different

. Isotopes bj: the mean of the scattering length of the same

. Nuclear spin states  type of atom

ijbk=2(bbk+bbk—bbk) Y bb+ ) (bb,— b))
Jok J.k J.k
by b Average Difference from the average

"
+

- — - — _2 .

Random orientation = no correlation between different atoms



Coherent and incoherent scattering

S(0.w) =

Average

Difference
from the
average

r OO0

Z bjbku <exp [— 0 - {rk(O) — r]-(t)}] exp[—za)t]dt>

: {7k(0) — ?j(t)}] exp[—ia)t]dt> ]

Ctor,

coherent scatterlng Cross section
a)) = dxb?
Ocoh

’ : . :
Inf§fhation on’relative positions and motions

Z (b?) - 15],2) r’t’_ <exp [—ig. {?’].(O) — 7(1) }] exp[—ia)t]dt> ]
j —0

b
- incoherent scattering cross section

S 0 _
Infgprgzgo,n on the single particle dynamics Cipe = 4 <<b2> — bz)



Coher %;g;mgnjgurmggherent scattering

Information on relative positions and motions

coh(Q a))
I I T T TTI I I T T TTT | I I T T TTT | I _I
101 = JSCOh(Q, w)dw =
’5 . i
=8 ‘
2 i |
S G | |
2 5 10 = .
= -
I JSmc(Q w)do Incoherent |
-1 J_ | | I I | | | I | | | | I I | | [—

10

0.001 0.01 0.1 1

2 -1
Incoherent dynamic structure factor, QA
Information on the single particle dynamics
lnC( Q a))



Coherent/incoherent scattering cross sections of some elements

Nuclear 6., (barn)  6;,. (barn) 6, (barn)

Hydrogen ('H) 1/2 .76 80.27 0.33
Deuterium I 5.59 2.05 0
Carbon (12C) 0 5.56 0 0
Nitrogen ('4N) I 11.03 0.50 1.90
Oxygen (1¢O) 0 4.23 0 0
Aluminium (27Al) 5/2 | .49 0.0l 0.23
Silicon (28Si) 0 2.12 0 0.17

incoherent scattering cross section of hydrogen dominates other elements

H containing materials: incoherent dynamics is dominated by single particle motions of H



Science cases for QENS

v Materials science )
A to nm & <ns
Hydrogen storage, fuel cells, surface science, glass ionomer cements, ...
v Chemistr 2 .
Y A to nm & < ns, could be longer in time
Molecular liquids, porous media, ...
v Physics A to nm & < ns, could be longer in time

Relaxor, spin-glass relaxation, glass forming liquids, ...
v Soft Materials A to 10s to 100s of nm & < 100 ns, could be longer in length & time

Polymer (melt, gel, solution), surfactant, ...

v Biology A to 100s of nm & < 100 ns, could be longer in length & time

Protein, hydration water, lipid-protein interaction, lipid membranes, ...



Dynamic range

Complemental techniques

NMR

Dielectric spectroscopy
IR

PCS

Computer simulation

https://
europeanspallationsource.se/
science-using-neutrons



Dynamic range

Complemental techniques

NMR

Dielectric spectroscopy
IR

PCS

Computer simulation

Seto et al., Biochim.
Biophys. Acta 1861, 3651

https:// (2017).
europeanspallationsource.se/

science-using-neutrons



Dynamic range

Complemental techniques

NMR

Dielectric spectroscopy
IR

PCS

Computer simulation

QENS

Seto et al., Biochim.
Biophys. Acta 1861, 3651

https:// (2017).
europeanspallationsource.se/

science-using-neutrons



Instrumentations - direct geometry

v Fixed Ei and analyze variation of Ef

Source Samp|?/,/"' ‘
. ———p @ Detector Neutron Time-of-Flight

(a) Direct-geometry spectrometer ho<0 ho=0 hw>0

A

Detector

Chopper

Sample )

‘White’ beam 2

_ — ——— S

vy

Ei, kl' O Eiki Monochromator
E. k
1o 0 Detector

Time

Karlsson, Phys. Chem. Chem. Phys. 17, 26 (2015). “Proton dynamics in oxides: insight into the mechanics of proton conduction from

quasielastic neutron ...”



Instrumentations - direct geometry

v Fixed Ei and analyze variation of Ef

Source Sampl?///,y ‘

. ———p @ Detector , Neutron Time-of-Flight

v AMATERAS @ |-PARC

Seto et al., Biochim. Biophys.

Acta 1861, 3651 2017).
Nakajima et al., 7. Phys. Soc. fpn. 80, SBo28
(2010).



Instrumentations - indirect geometry

Source Detector v Fixed E - while providing a known band of E.
our ‘ f l
o—r0—"

sample  Analyzer /' Hisher energy resolution than a direct geometry

(b) Indirect-geometry spectrometer ho>0 ho=0 hw<0
/\,\ Detector
Sample
‘White’ beam
—= Ep. ky
Ei’ kz v Analyzer
C
IS Sample
£

Analyzer

>

Time

Karlsson, Phys. Chem. Chem. Phys. 17, 26 (2015). “Proton dynamics in oxides: insight into the mechanics of proton conduction from
: s ys. 17 5 yn g p
quasielastic neutron ...”



Instrumentations - indirect geometry

Detector' v Fixed Efwhile providing a known band of Ei
Sourc ‘
o—r0—"
Sample  Analyzer v Higher energy resolution than a direct geometry

v DNA @ J-PARC v Employing (near) backscattering geometry

Shibata ez al., 7PS Conf. Proc. 8, 036022 (2015).

Nakajima et a/., Quantum Beam Sci. 1, 9 (2017).



Instrumentations - indirect geometry

S Detector v Fixed Efwhile providing a known band of Ei
our ‘

Sample Analyzer

v DNA @ J-PARC v Employing (near) backscattering geometry

v Higher energy resolution than a direct geometry

Shibata ez al., 7PS Conf. Proc. 8, 036022 (2015).

v Reactor based backscattering
machine provides better energy
resolution but limited energy
window

~lueV for HFBS@NIST

Nakajima et a/., Quantum Beam Sci. 1, 9 (2017). Seto et al., Biochim. Biophys. Acta 1861, 3651 (2017).



Instrumentations - neutron spin echo

v Neutron spin direction rotates in a magnetic field

v Rotation angle depends on the magnetic field strength and time spent in the field
B B

SILITATTII R R S IR 1T A8 5

<
~

S
L

[=vt
v Net precession angle in the two magnetic fields is set to 0

v Neutron velocity change at the center of the two fields breaks the symmetry
— net precession angle in the two magnetic fields is not equal to 0

v Energy resolution of the instrument and energy of incoming or outgoing neutron are decoupled
v Provide highest energy resolution spectroscopy

v' Working in the time domain (measuring intermediate scattering function)



Instrumentations - heutron spin echo J Bdl

v _ymy,
, _ ¢ =w;t =yBt =— = JA . ,

¢, in 2 magnetic field B v h Magnetic field integral along neutron trajectory
B

SIZRTETIII

Neutron spin precession angle,

<
<

[=vt



Instrumentations - heutron spin echo [ Bdl

Neutron spin precession angle, v ym
Jon shinp & ¢ =wit =yBt =" ="""J} o |
¢, in 2 magnetic field B v h Magnetic field integral along neutron trajectory
B B
ATER AT R R I IV T4 o
) [=vt . < g
Initial spin polarization P, Final spin polarization P = Py No energy change (elastic scattering)

P # P Energy exchanged (inelastic scattering)



Instrumentations - heutron spin echo [ Bdl

Neutron spin precession angle, . . . v _rmy,
gb, in 2 magnetic field B ¢ — a)Lf; - }/Bt — V B h JA Magnetic ﬁel;l integral along neutron trajectory
AN T AR VNI T4 o
) [=vt > < - g

. L , , . P = Py No energy change (elastic scattering)
Initial spin polarization P, Final spin polarization _ _ .
P # P Energy exchanged (inelastic scattering)

rm, rm,

Net precession angle A¢p = ¢p; — ¢, = [J/l —JA+ 5/1)] = JoA 2
h ym, 3
Agp = JA7 o = wt
h? |1 1 h? &2 27h?
Neutron energy change i = — ~
2m, [ A2 (A + 04)? m, A3 Fourier time (spin echo time)




Instrumentations - heutron spin echo [ Bdl

Neutron spin precession angle, v ym
. P b s ¢ = w;t =yBt = =17l . . .
¢, in 2 magnetic field B v h Magnetic field integral along neutron trajectory
B B
ATER AT R R I IV T4 o
) [=vt . < g
Initial spin polarization P, Final spin polarization P = Py No energy change (elastic scattering)

P # P Energy exchanged (inelastic scattering)

rm, rm,

Net precession angle A¢p = ¢p; — ¢, = [J/l —J(A + 5/1)] = JoA 2
h ym, 3
Ap = JA7 o = wt
h? [ 1 1 h? 82 27h?
Neutron energy change i = — ~
2m, [ A2 (A + 04)? m, A3 Fourier time (spin echo time)
1 A
Neutron polarization is analyzed using spin analyzer which transmit neutrons as 1,,,,,.., = ++S¢
1 + cos A¢ 1 _3‘
S0, w) do =—11500,w)dw S(Q, w)cos(wt)dé
2 2 Highest energy resolution

Cosine Fourier transform of S(Q, w) = S(Q, 1) neutron spectroscopy



Dynamic range and type of dynamics to be captured

https://europeanspallationsource.se/science-using-neutrons
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Elastic Fixed Window Scan

-

10, T) = S(0,w ~ 0,T)

S ols Uoes2
E ] — S( Q , ), T)da) Typical
3 -
2 T,,./2
-2
-3 v Elastic intensity decreases with temperature
0.0 0.5 1.0 15 2.0 2.5
R -1
1 R ) ' | | 2("2(T)>-| s
e S —— — —— —— — 141 1 y
e s e WM DWF = eXp {— 3 J 3
4 1 < .
'I—I.0-185—..‘. 0000 . W&w‘“ 0o -
Eg e OO0 0O () () () @ E () @ e - ° %Q;% 2°°°§>o %0 o E
= I i) E.g. melt & diffusion R T o &6’0_
- re000 0000 (®©goe " " L ARe,
g 001 - - - . A loss in elastic response other than % o'® o
= o T=0: frozen T=#0: lattice vibration O () ® DWEF will be accomplished by a gain in o0 o
I Debye-WaIIer Factor E . . Qua5|elastlc scat.terlng ooo :
| | ! ‘. i.e., total scattering conservedI 0= xAgll
0 100 200 300 400

T=Tt:Transition
T (K)



Example: How tacticity of polymer affects dynamics

DVVF I20.T) [<u2<T>>Q2]
=exp |[—————
Tyinr I¢(Q.T = 0) 3
T, app
Methyl W/ e ] wane
rotation " 0.1 =0) 3
TgsPP . .
’ Isotactic
atactic
Chain
motion
atactic isotactic

CHs CH3; GH3 GH3 CH
v Atactic polypropylene (aPP) m v Effectlve mean squared displacement
n

Hs CHs CHs CHs CHy (u (T')):average harmonic displacement
v Isotactic PP (iPP) amplitude of all atomic motions in the sample
CH3 CHs GHs GHs GH _ o 5 5
v Syndiotactic PP (sPP) ' : : v Gaussian approximation: Q“{u“(T)) <« 1

n
Arrighi et al,,  Chem. Phys. 119, 1271 (2003). “Effect of tacticity on the local dynamics of polypropylene melts”



QENS data is sensitive to a motion as well as the geometry

Q*(u?)
S(Q, w) = exp | ———= | [Ap(Q)(@) + (1 = Ay(D))S;, (O, ®))

Elastic component QENS component

Debye-Waller factor
v A elastic incoherent scattering factor (EISF)

Telling, A Practical Guide to Quasi-elastic Neutron
Scattering, Royal Society of Chemistry (2020).



QENS data is sensitive to a motion as well as the geometry
Q*(u?)

S(Q,w) =exp| — [Ap(@)8(@) + (1 = Ay(0))S;,(Q, @)
Elastic component QENS component
Debye-Waller factor 10 | | | -
v A elastic incoherent scattering factor (EISF) = TwoSiteJump
0.8 -
1 :
2-site jump Ag jump(Q) = ) [1 + Jo (2Q}’)] L
W 06
8
©
o 04
2
|_
0.2+ —
0.0 I I I I I +
0 1 2 3 4 5 6
2 -1

Telling, A Practical Guide to Quasi-elastic Neutron
Scattering, Royal Society of Chemistry (2020).



QENS data is sensitive to a motion as well as the geometry

Q*(u?)
S(Q, w) = exp | ———= | [Ap(Q)(@) + (1 = Ay(D))S;, (O, ®))

Elastic component QENS component

Debye-Waller factor

1.0 | | | H
v A elastic incoherent scattering factor (EISF) = TwoSiteJump
e ThreeFoldJumpRotation
0.8 —
1 :
2-site jump AO,jump(Q) = E [1 +Jo (2Q’”)] Ic'll_)
W 06
Iy}
Q
©
o 04
3-fold jump rotation 1 _ @
A =~ [1+2i(v3or)| &
with radius ¥ oci(©) 3 o \/—Q ] -
0.2
0.0 | | | | | +
0 1 2 3 4 5 6
R-1

Telling, A Practical Guide to Quasi-elastic Neutron
Scattering, Royal Society of Chemistry (2020).



QENS data is sensitive to a motion as well as the geometry
Q*(u?)

5(Q,w) =exp| — [Ap(Q)6(0) + (1 — Ay(Q))S;, (0, )|
Elastic component QENS component
Debye-Waller factor 10 | | | -
v A elastic incoherent scattering factor (EISF) = TwoSiteJump
e ThreeFoldJumpRotation
0.8+ A DiffuseOnSphere —
1 :
2-site jump AO,jump(Q) = E [1 +Jo (2Q’”)] %
W 06
8
°
0.4
3-fold jump rotation 1 _ 3
A =—|(1+2 3 -
with radius 7 o.crs(©) 3 Jo <\/—Qr)] -
0.2

4 2 0.0 -
Diffusion on sphere Ag sphericallQ) = [jo (Qr)] 0
QA"

Telling, A Practical Guide to Quasi-elastic Neutron
Scattering, Royal Society of Chemistry (2020).



Inelasic Fixed Window Scan tells the range of inst. sensitivity

To T T,
Ts — T4 Ts
Te Tz Tg
- To T1o Ty
= $12 Tiz — Tia
< AN >
3 AN ] °
g 77T S| o .
= 7 I \ w
n /7P AT
A R v
e I W o
——— 7 J SV AN N o - offset
Slower dynamics: sharper f  (a.u.) oo
“0 onset

temperature

B{r @ynamics: broader
S(0, w)
v IFWS=0 at lowest T: immobile

v IFWS=const at high T: dynamics too fast to capture with the instrument

v IFWS=max in-between: the time scale of the motion matches well with the instrumental
resolution



Translational diffusion

2\ . i
v MSD <l’ > is calculated as the second moment of van Hove correlation

function "o [ py— — ——
00 os ] =R
(r?) = J r’G(r, t)dr = 6Dt - ool = : 1
00 § o S " 1 |
7"2 02 0.01 |
G0 = e P | T2 | e



Translational diffusion

2\ . i
v MSD <l’ > is calculated as the second moment of van Hove correlation

function

(r?) = J r’G(r, t)dr = 6Dt

=
=
X
=
0
©)

G(r1) = 1 B 2
U= mem P | T 26020

1.0

0.8

0.6

0.4

0.2

0.0
0

I I I I [

T/ 1 T T T IE

£ =ty 7

= =t, ]

- S

= B =13 )
5 =ty
» 5
6

.0 0.2 0.4 0.6 0.8 1.0

v A property of Gaussian functions connects MSD and S(Q, f)
2
<exp [iQ {ri(t) — ri(O)}]> = exp [—% < | r.(t) — r/(0) |2>]



Translational diffusion
2/7..2
S(0, w) = exp (— 07 ) [A0(Q)8(@) + (1 — Ay(0))S;,(Q, @)]

2\ . i
v MSD <l" > is calculated as the second moment of van Hove correlation

1.0 fF T T T T T
L O L E

function

(r?) = J r’G(r, t)dr = 6Dt _ 0:6

S 04

G ( t_) 1 r2 02 0.010L0 012 014 016 018 1%
r,t) = exp |— :
> (27[)3/20-3(t) 20-2(t) %o 0.2 0.4 0.6 08 1.0

X

o -

v A property of Gaussian functions connects MSD and S(Q, f)
2
<exp li0 {r(0) - r,-<0)}]> = exp [—% (170 = 1,0 |2)]

2
Q.0 =exp[-D0%] < s, Qm=2—"0




Nature of diffusion affects the QENS broadening

v When diffusing entity is geometrically constrained

0*(u?) (1-A4Q) T

T w2+ 172

) [Ao(Q)5(w) +

2 _ )
> F=DQ>=-—"0
<l >: mean squared displacement 6

S(Q, ) = exp (—

Fick’s law: D: diffusion constant,

I" (arb. units)

Telling, A Practical Guide to Quasi-elastic Neutron
Scattering, Royal Society of Chemistry (2020).



Nature of diffusion affects the QENS broadening

v When diffusing entity is geometrically constrained

(1 —Ay(Q))

)

Q*(u?)
5(Q,w) = exp | — Ay(Q)o(w) +
3 r
Fick’s law: [: diffusion constant, r=DQ?= ﬂQZ
<12>: mean squared displacement 6
Chudley-Elliot: jump diffusion 1 sin(Q1)
through a lattice l'jump distance, Tpy: ['=— [1 - ]
2 y O. TO Ql

mean residence time

I' (arb. units)

w? + 17

1 L] ® Diffusion (Fick)
e Jump Diffusion Through Lattice (Chudley-Elliot)

0 | l l

0 2 4 6

Q% (A

Telling, A Practical Guide to Quasi-elastic Neutron
Scattering, Royal Society of Chemistry (2020).

© H



Nature of diffusion affects the QENS broadening

v When diffusing entity is geometrically constrained

O*(u?) (I -Ay)Q) T

2 _ )
> F=DQ>=-—"0
<l >: mean squared displacement 6

1 sin(Q1)
through a lattice. l:jump distance, T(y: I'=—|1- l
i i 7 Q
mean residence time

S(Q, ) = exp | —

Fick’s law: D: diffusion constant,

Chudley-Elliot: jump diffusion

0

c

Hall-Ross: Random jump diffusion 1 0%*(1%) :
with a Gaussian distribution of jump I'=—]1—-exp| - =
2 T 6 —~

lengths, <l >, T:mean jump rate ~

1 e Diffusion (Fick)
e Jump Diffusion Through Lattice (Chudley-Elliot)
e Random Jump DlIifusion (Hall-Ross)

0 2 4 6

Q* (A%
Telling, A Practical Guide to Quasi-elastic Neutron
Scattering, Royal Society of Chemistry (2020).



Nature of diffusion affects the QENS broadening
v When diffusing entity is geometrically constrained

2(u? 1-A r
O~u”) AO(Q)5(60)+( (D)

S(Q, ) = exp | —

v w? + 12
Fick’s law: [: diffusion constant, r=DQ?= (%) 0? 6 H
<12>: mean squared displacement 6
Chudley-Elliot: jump diffusion 1 sin(Q1)
through a lattice. l:jump distance, T(y: ['=—11-
. , 70 0l
mean residence time =
."é’
Hall-Ross: Random jump diffusion 1 0%*(1%) :
with a Gaussian distribution of jump I'=—]1—-exp| - 5 5
T S
lengths, <12>’ T:mean jump rate -
Singwi-Sjolander: molecule oscillates
. . B 7] 1 e Diffusion (Fick)
for a mean time T() before continuous ) (R%) e Jump Diffusion Through Lattice (Chudley-Elliot)
. o : 2 exp | —2DQ%7y—- e Random Jump Dlffusion (Hall-Ross)
linear diffusive motion. <R >: mean 1 (1%) e Molecular Oscillation before Diffusion (Singwi-Sjolander)
square radius of the thermal cloud due '=—11- 1+DO? 0 ' ' ' =
) o 0 0 2 4 6 8
to the oscillation, <l >: mean jump o 2
Q" (A%)

length - . - . .
Telling, A Practical Guide to Quasi-elastic Neutron

Scattering, Royal Society of Chemistry (2020).



Lipid molecular movements

Lipid molecule v Lipid molecules are basic building block for cell membranes

Hydrophilic Hydrophobic

v Lipid bilayers are dynamic entity in various length and time scales

7
x-ray photon
correlation g
spectroscopy -
5 (XPCS) macroscopic7 r -g
E P
2 nding & m&m g'
thi s fluctuations | [l L g
.. g
(a4
w usion
Seov'slssssosss

tation

prptrusion M backscattering

bon @ Brilloui
rotation
time of fli .
) . infrared
inelastic x-ray

scattering ~ Raman
Vi

dielectric

Rheinstidter, Biointerphases 3, FB83 (2008).

molecula  single collective macroscopic

Kelley, Butler, Nagao, Characterization of Biological Membranes Chapter 4 (2019).



Static structure factor by TAIKAN
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10° *®ee,,. Bilayer undulation fluctuations E
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C Y _
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— E % 3
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= o.o.oo.J... . X I 0 3

10-1 E_ o® .ooooo---!.!!!!!QEQEEETT--I!!!Q!Q!!QEQ%
10-2 E 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 |3

102 10™ 1 10°
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v Determine Q range of the interest
> Incoherent: molecular motion: self-dynamics of H

>~ Coherent: membrane motion at low-Q: undulation



Static structure factor by TAIKAN
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v Determine Q range of the interest
> Incoherent: molecular motion: self-dynamics of H

>~ Coherent: membrane motion at low-Q: undulation



Collective membrane dynamics - undulation fluctuations

Flickering vesicle Protiated lipids in DO

SQ.0) _
S(Q.0)

exp [—(Ft)z/ 3 ]

Bending fluctuations

Bending modulus: K kpT kgT 3
Zilman and Granek, Phys. Rev. Lett. 77, I = 00257/ _— —Q
4788 (1996).; Watson and Brown, Biophys. K, 1 n
https://www.youtube.com/watch? 7.98,Log (2010).
v=pthXn-jurkE&feature=emb_title 60 FF | | | |
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o8 - |_m40_ - ~~‘~~~_ /\/\/\/\/\)J\o/\(\o,';lo
% ¢ +u‘ é v ~§~~Q‘~ \/\/\/\/\/\rrOH 0 \/\T:
Z o : g - < %0 ... - :
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4 q=0094A" ~<
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Hr Nagao, Kelley, Ashkar, Bradbury anﬁ Butler, 7 Phys. Chem.

Lett. 8, 4679 (2017).



Static structure factor by TAIKAN
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v Determine Q range of the interest Lipid acyl tail correlation

*Incoherent: molecular motion: self-dynamics of H
> Coherent: membrane motion at low-Q: undulation and thickness (elastic and viscous)

> Coherent: acyl tail motion at high-Q: molecular origin of viscosity



Static structure factor by TAIKAN

10* Loooe, Fl’rotiated | tail deuteralted I;
“ee, Coherent lipid in DO lipid in D20
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v Determine Q range of the interest Lipid acyl tail correlation

*Incoherent: molecular motion: self-dynamics of H
> Coherent: membrane motion at low-Q: undulation and thickness (elastic and viscous)

> Coherent: acyl tail motion at high-Q: molecular origin of viscosity



Collective membrane dynamics - thickness fluctuations

Flickering vesicle Tail-deuterated lipids in D20 15 T
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111, 18004 (2015).
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Static structure factor by TAIKAN
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v Determine Q range of the interest Lipid acyl tail correlation

*Incoherent: molecular motion: self-dynamics of H
> Coherent: membrane motion at low-Q: undulation and thickness (elastic and viscous)

> Coherent: acyl tail motion at high-Q: molecular origin of viscosity



Structural relaxation at structure factor peak in lipid bilayer

Tail-deuterated DMPC

Acyl tail correlation peak
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Nagao et al., Phys. Rev. Lett. 1277, 078102 (2021). “Relationship between Viscosity and Acyl Tail Dynamics in Lipid Bilayers”

Lipid molecular
rearrangements
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Fluid Phase
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Slower mode 500 ps ~ 1 ns
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Faster mode ~ 30 ps
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Acyl tail rearrangements
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Summary

v Neutron scattering measures FT of van Hove space-time correlation function; thus provides space-
time correlation of a couple of atoms

v QENS is a technique to measure (mainly) relaxation of atoms and molecules

v QENS measures time scale of relaxation as well as the geometrical constraints

v Incoherent scattering provides information of single particle dynamics

v Coherent scattering provides information of relative positions and motions of particles

v Depending on the target processes (length and time scales) a proper QENS machine (direct/
indirect geometry and NSE) needs to be selected

v QENS techniques can serve to access paradigm of structure-dynamics-function relationship



Further readings
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State Chemistry, Biology and Materials Science”, Adam Hilger, Bristol and
Philadelphia (1988).

v R.Hempelmann,“Quasi-elastic neutron scattering and solid state diffusion”,

Oxford Series on Neutron Scattering in Condensed Matter |3, Clarendon
Press, Oxford (2000).
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