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Discovery and Utilization of X-rays
• 1895 – Wilhelm Röntgen – discovery of X-rays

1920’s

p. 3



Achievements with X-rays 1950’s

Veksler V.I. and MacMmillan E. in Dubna (1963)

• 1944 – Vladimir Veksler – invention of synchrotron



Achievements with High-flux Facilities 2000’s

Access to synchrotron radiation has also contributed to discoveries for which the Nobel prize was awarded. One 
of them was in chemistry for the research on the structure and function of the ribosome.
Scientists explained what ribosomes look like and how they function at the atomic level, which has a crucial 
meaning to understand scientific foundations of life.

• 2009 - Ada Yonath sent X-rays through ribosome 
crystals that revealed the secrets of the ribosome



Further Achievements born by Diffraction 2017

• High resolution images from cryo-electron microscopy



Protein Structure by Prediction 2024

• Computational prediction of 3D protein structures
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Neutrons for Life Sciences

Chen et al. PNAS 109, 2012

Neutron’s sensitivity to H/D provide unique info 
on protein chemical state (protonation), its 
solvent accessibility, and H-bond networks

Neutron sources

X-ray sources

Report of a technical meeting in Vienna, IAEA-TECDOC-1439 (2005)

J. Als-Nielsen, D. McMorrow, Wiley (2001)



Discovery and Utilization of Neutrons
• 1932 – James Chadwick - discovery of neutron

• 1933 – Leó Szilárd – the idea of nuclear chain reaction

1960’s
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Structure

C.G. Shull             - The Nobel Prize in Physics 1994 -           B.N. Brockhouse

Dynamics

“It might well be said that, if the neutron did 
not exist, it would need to be invented!”



• 1942 – Enrico Fermi – the first artificial nuclear reactor Chicago Pile-1

• 1950-1954 – Ernest O. Lawrence – the first spallation source Materials Testing Accelerator

• 1955 – Dimitry I. Blokhintsev – the idea of pulsed reactor

• 1960-1968-2001 – Ilya M. Frank  & Fyodor L. Shapiro – the pulsed reactor IBR, IBR-30

• 1984-2010-204x – IBR-2, IBR-2M

Advances in Neutron Sources Development

p. 11

1980’s

NRU (1957)
Chalk River, ON

SNS (2006)
Oak Ridge, TN

Thermal neutron flux density from the

 surface of the moderator

 - time average    ~1013  n/cm2 s

 - burst maximum    ~1016  n/cm2 s



Monochromatizating vs. Time-Of-Flight

Continuous sources

• velocity selectors (acceptance ~10%)

• monochromators (acceptance ~1% to 0.1%)

Pulsed sources

• choppers in time-of-flight method

2
θsin

λ
4πq|| ==q
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==> the world smallest magnetometer

Advantages of Neutrons

• Magnetic Moment:

N.O.Golosova et al., J. of Alloys and Compounds (2017)

- one of the first discovered magnetoelectric 
materials with ferroelectric polarization induced 
by external magnetic field

Crystal and magnetic structures of Cr2O3

Crystal and Magnetic Structures of Novel Materials
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Advantages of Neutrons

• Charge: ==> deep penetration into matter

SANS experiments at YuMO

total SANS scattering = regular matrix + polydisperse spheres

• pores - size & mutual distance

• NPs - size distribution & concentration

𝐼 𝑞 = 𝐾𝐶𝑆 𝑞 𝐹𝐶 𝑞 2 + 𝐾𝑆 𝐹𝑆 𝑞 2 + 𝐼𝑑(𝑞) + 𝐼𝑖

Material
Periodic nanoporous silica

• perfect regular structure

• biocompatibility

• thermal stability and durability

• high specific surface

p. 14



==> sensitivity to isotope exchange

==> sensitivity to light elements

Advantages of Neutrons

• Scattering Power:

Neutron contrast variation can be done without changing the chemical 
properties of the system, because the neutron scattering lengths of isotopes 
can be very different.

low contrast

2 ways to increase contrast

p. 15



Label Distribution by Neutron Diffraction
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Water Distribution Across the Membrane
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Lipid Rafts by Neutron Scattering

Heberle, Petruzielo, Pan, Drazba, Kučerka, Standaert, Feigenson, Katsaras JACS 135 (2013)

Neutron scattering (via selective deuteration) 
is sensitive to nanometer-sized domains, 
previously not accessible by other methods.

The study of complex membrane models, including functional domains, 
helps to further our understanding of how the cell may regulate critical 
biological process via the composition of lipid bilayers.
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- radiation (e.g. neutrons, X-rays, light) is elastically scattered by a sample and the resulting scattering 
pattern is analysed to provide details on the size, shape and location of components within the 
sample

- Q range is usually between 0.003 and 0.6 Å-1 – providing a wide range of length scales (~10 to 2,000 Å)

- powerful tool for investigating the average structure of the entire ensemble of particles in solution 
(biologically relevant environment)

- the studied structures
 can either be isotropic (SAS)
 or consist of repeating units that are oriented (SAD)

-  type of the sample, sample environment and the information that can ultimately be obtained depend 
on the nature of the radiation, however different radiations often provide complementary results

Small Angle Scattering/Diffraction (SAS/D)



Two ways to get small scattering vectors:

 1.)

 2.)

 1.) large wavelengths

q = ks – ki 

Scattering vector, q 

ki

ks


q

ki

 R (detector cell)

D (sample-to-detector)

2D
R

2
θsin ~

2
θsin

λ
4πq|| ==q

 1.)

 2.) small angles

λ

Scattering Principles – Geometry



Scattering Principles – TOF SANS Instrument

Two ways to vary scattering vector:

1.) = TAS

2.) = TOF

2
θsin

λ
4πq|| ==q

through angles θ

through wavelengths λ







measured

intensity

at q (or )

Im(q) = IF · o ·  · T ·

Differential

cross-section

Flux Solid

angle
Detector

efficiency Sample

transmission

d

d
(       )v ·A ·t

Beam area

on the sample

Path length
Differential

cross-section

number of neutrons scattered per second into a solid 
angle d with the final energy between E and E+dE 

neutron flux of the incident beam • ddE

d2()
ddE

=

For (quasi-)Elastic Scattering we assume no energy transfer




0

d

d
=

d
ddE

dE
number of neutrons scattered per second into d

neutron flux of the incident beam • d
=

[time-1area-1]

[time-1]

[area]

Differential

cross-section

Scattering Principles – SAS Intensity
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Select a model for

possible structure 

of the aggregates

Fit the experimental 

data using the 

selected model 

(Fix the values of any

“known” physical 

parameters - as 

many as possible) 

Is it a 

good fit

? No

Change 

the model

Yes

A Possible

Structure 

Model-Based Analysis

p. 27



Since spheres are isotropic, there 

is no need to do orientational 

average
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1
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Common form factors of particulate systems

Cylinders

(radius: R

length: L)

Spherical shells 

(outer radius: R1 

inner radius: R2) 

Morphologies P(q)

Triaxial ellipsoids 

(semiaxes: a,b,c) 

Remarks

Spheres

(radius :R) [sin(qR) - qR·cos(qR)]2 =Asph(qR) 
9
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3)2
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3·Asph(qR1)– R2
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“Structure Analysis by Small Angle X-Ray and Neutron Scattering” L. A. Feigen and D. I. Svergun

Scattering Form Factors



Model Analysis of Scattering Experimental Data

Small Spherical Hollow Shells
Bilayered Disks
Large Spherical Hollow Shells

p. 30



• neutron scattering data are inherently featureless

• however, the mid-q region provides strong information 
on bilayer overall structure, reflecting the large 
scattering contrast between the lipid bilayer (a lot of H) 
and solvent (D2O)
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Neutron Scattering = Simple Models

p. 31



• high resolution X-ray scattering data allows 

for using complex models, thus enhancing 

the spatial resolution of the bilayer structure
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X-ray Scattering = Complex Models

p. 32N.Kučerka, S.Tristram-Nagle, J.F.Nagle, BJLetters  (2006)



Scattering Density Profile analysis

• The same functional form for all of the different 
contrast conditions (X-rays and neutron contrast 
variation)

• Volume distributions satisfy a spatial conservation 
principle 

The SDP model is fit simultaneously to 
the different contrast conditions. 

Joint Refinement = Advanced Models

p. 33N.Kučerka, J.F.Nagle, J.N.Sachs, S.E.Feller, J.Pencer A.J.Jackson, and J.Katsaras, BJ (2008)



detailed structural information

hydrogen bonding interactions
lipid – cholesterol - water

SIMulation to EXPeriment analysis

• MD simulations aid the analysis of experiment

• experimental results help to improve simulations

• direct comparison reconciles simulation and experiment

MD Simulations + Experiment = beyond advanced

p. 34N. Kučerka, J. Katsaras, and J.F. Nagle,  J. Mem. Biol. (2010)



SAS and low-resolution techniques
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The Bragg’s Law The two planes will scatter in phase 
if the path difference ‘2 d sin() ’ is 
a whole number of wavelengths ‘n’

n = 2 d sin()



Triple Axis Spectrometer

Scattering Angles in Diffraction



Instead of a continuous phase transition from the well ordered 
gel into the fluid phase, which adheres to a well-known critical 
behaviour, neutron diffraction shows a first order transition 
with a co-existence
of gel and fluid
domains.

In-plane Scattering

C.L.Armstrong, M.A.Barrett, L.Toppozini, N.Kučerka, et al. Soft Matter 8/17 (2012)



source detector

sample

Non-qz Component in Rocking Curve



Scattering & Real Space – Fourier Transform

(r) - scattering density profile Scattering amplitude = FT of SDP
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Small-Angle Diffraction – Diffraction Curve
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Phase Determination



Phase Determination



Bilayer Structure Reconstruction
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100% D2O

Bilayer Thickness

NSLD profiles provide a measure of various bilayer thicknesses

Interface between bilayer and 
surrounding 100% D2O provides 
a steric (total) bilayer thickness

Lipid head-to-head distance is 
revealed for bilayers dispersed in 
8% D2O (NSLD of solution is zero)

8% D2O



 Small-Angle Scattering is a valuable tool for structural biophysics allowing the in situ 

measurements of systems between 10 to 1000 Å

 The scattering function is proportional to the product of form factor (intraparticle scattering 

function) and structure factor (interparticle interactions)

 Small-Angle Diffraction allows to uncouple information according to the orientation planes

 Contrast variation offers the solution of scattering phase problem

 Solvent contrast variation provides water distribution profiles

 Specific labeling enhances resolution of determined structures

 Bilayer structure reveals the link between the structure and function taking place in 

biological membrane

Summary
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