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basically Two types of instruments
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Diffractometers: 1- 10Å
 Measure structures

neutron :Wave
Bragg’s law : 2dsinθ=nλ

Ei=Ef &  ki=kf

Spectrometers: 1- 80meV
 Measure dynamics

neutron : particle
Newton’s law 
Ei≠Ef & ki≠kf



If there is NO exchange in energy 
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Nuclear positions in unit cell – same as crystal structure as strong 
Coulomb interaction assures that nucleus is at center of electron cloud (Ze)

Nuclear interaction

Variation of bcoh as f(Z); note –ve
values and also small variation overall.
Light/heavy atom distinction

In a few cases, e.g. H
and V, (binc)2 >> (bcoh)2

not true for D

single differential cross section



single differential cross section
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So far we have implicitly assumed that all atoms of a given element have 
the same scattering cross section (which is true in the x-ray case).

What if they don’t? This can happen if there is more than one isotope and/or 
nonzero nuclear spins. In that case there is a second contribution to the 
double differential cross section. In the simplest case it reads as follows: 

Single particle motion

– S(Q,ω) reflects the collective behavior of the particles (e.g. phonons)
– SS(Q,ω) reflects the single particle behavior (e.g. diffusion)
– σinc and σcoh are “incoherent” and “coherent” scattering cross 

sections respectively.
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If there is an exchange in energy 
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Scattering cross section:
definition
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dI =neutrons collected (neutrons /sec)

N =number of elements in scattering volume

"(#0) =Inc. neutron flux (neutrons/meV/sec/cm2)

d#0 =Incident neutrons energy window (meV)

d#1 = Scattered neutrons energy window (meV)

d! =Collection solid angle

i fi Δ ΔΔ
f

double differential cross section



Coherent & Incoherent scattering

Neutron Scattering a Prime  -  Roger Pynn - Los Alamos 1990 



double differential cross section



Spectrometers
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led 

For most elements the 
σcoh > σinc.

Hydrogen is a very 
important exception!
Also Vanadium has 
an σinc  >σcoh.
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n

“rigid” crystal

‘elastic’ E=0

energy transfer

n

fast moving scatterers, e.g. liquid

elastic E=0

a simple definition of ‘quasielastic’

elastic

translation

‘quasielastic’: centered at E=0

elastic E=0

energy transfer

‘inelastic’ E=±dE

vibrations

energy transfer



What is QENS, and what does it look like?

QENS is inelastic scattering that is almost elastic, 
centered at zero energy transfer
QENS is associated with relaxation phenomena, such 
as translational diffusion, molecular reorientations, 
confined motion within a pore, hopping among sites, 
Accessible time scales range from fractions of ps to 
100s of ns
Length scales range from Ǻ to 100s of Ǻ
Most QENS experiments are designed to study 
incoherent scattering (single particle motions)



What is QENS, and what does it look like?

QENS is inelastic scattering that is almost elastic, 
centered at zero energy transfer
QENS is associated with relaxation phenomena, such 
as translational diffusion, molecular reorientations, 
confined motion within a pore, hopping among sites, 
Accessible time scales range from fractions of ps to 
100s of ns
Length scales range from Ǻ to 100s of Ǻ
Most QENS experiments are designed to study 
incoherent scattering (single particle motions)
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Matching time scales
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typical incoherent scattering law

Sinc(Q, ω) = A0(Q)δ(ω) + (1 − A0(Q))L(Q, ω)

for a given Q:
∫

∞

−∞

Sinc(Q, ω)dω = 1

EISF =
Sel

inc(Q)

Sel
inc(Q) + S

qel
inc(Q)

elastic, EISF
stationary part; sign of 

confined motion

quasi-elastic
decaying part
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TOF
H2O @ RT 

example for a simple incoherent scattering law
isotropic translational diffusion

 no stationary part -> not confined -> no elastic scattering

Sinc(Q, t) = exp(−DQ2t)

time space energy space

Sinc(Q, ω) =
1

π

DQ2

ω2 + (DQ2)2

relaxation rate |!| = 1/(DQ2)

example:
D(H2O @ RT) ~ 2 10-5cm2/s 

FWHM ~ 270 µeV @ 1Å-1; !=5ps
 FWHM ~ 2.7 µeV @ 0.1Å-1; !=50ps

=> TOF dynamic range

Q = 1Å−1 : D =
Γπ

hQ2
=

Γ[µeV ]π

4.136[µeV ns]1016[cm2]
≈

3

4
Γ[µeV ] · 10−7 cm2

s

Lorentzian with energy width 
HWHM = !/2 = ħDQ2

D=self diffusion constant [m2/s] 
D~exp(-Ea/kT)

µeV

meV

20-20

-2 2
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 Functional Materials

To understand functionality                                    
we we need structural information.

Beneath the crystal (molecular) structure, 
there are important motions.

How the functional groups are arranged in a 
sequence defines the dynamics of the 
complex systems.
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 Functional Materials

PhenacetinParacetamol
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Figure 6 – Bordallo et al.
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Methyl Groups Flexibility
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Figure 6 – Bordallo et al.

Eact = 41 meV
expect libration at 17meV

 

Methyl Groups Flexibility
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 (a) 

(b) 

 (c) 
Figure 5 – Bordallo et al.
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 Phenacetin Dynamics : Conclusion
Understanding the lattice vibrations is a difficult task, however the 
application of solid-state density functional theory (DFT) methods 
can be used as a reliable approach to simulate the vibrational 
spectra and to reveal the underlying physical nature of the low-
energy vibrational motions. 

The correlation times of the methyl group rotation with deviations 
of the mean square displacements, <u2>.

Phenacetin can assume different conformations and knowing this 
can help the understanding of how chemical reactions occur. In the 
particular case of biochemists and molecular biologists such results 
can help understating the ways molecules interact with each other 
in living systems.
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