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We are going to be study of few things about.
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Module content

a.  Ineroducrion to X-Rays and Review of basic diffraction theory
b Small Angle Xoray Scattering (SAXS)

o {wrazing Incidence Small Angle X-rav Scattering (GISAXS)
d. Low bnergy Elcctron Diffracthion (LEELY)

e Rellection High Frergy Eleciron Dillmction (RITEED)

[ Extended X-my Ahsorption Fine Structure (EXAFS)

g Surlace Extended/Near Edge X-Bay Absorplion Fine Siruciume
(SEXAFS/NEXAFS)
h Properties ol neutron radiaton and newlmon sources

i Small Anpgle Newron Scanering (SANS)

Properties of neutron radiation and neutron sources. Up till now in this course or rather this
module of the course dealing with x-ray diffraction and electron diffraction. But now we are

going to look at a different class of radiation that is neutron diffraction.
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Introduction

= Meutrons are subatomie particles with no charge and mass of

Lo75 X 10 kg

= Bpin =Yz and p, = 1913 o, (nuclear magneton
-5.05 X 107V T)

= With the exceplion of hydrogen- 1, all aloms consist of
neutrons and pratans

= Newtrons bind the prowns wgether in the nucleus

= Dnfferent number of neutrons ———  [solopes

= Carbon-12 and Carbon-14

So all of us are aware what exactly neutrons are. So we know that neutron is essentially some
subatomic particles which are there. So all of us are aware what exactly is neutron. So we know
that neutrons are essentially subatomic particles which are there sitting in the nucleus along with
the protons. These particles are characterized with no charge and have mass which is = 1.675

into 107 kg, we are also aware that this mass of neutron is slightly higher than that of protons.

Now in addition to the mass neutrons are also characterized with a spin of half and nuclear
magnetic dipole moment of 1.93 times that of a nuclear magnet which is approximately equal to
about 5.05 x 10? Joule/tesla. So having said that we know that neutron as such is a very
different subatomic particles when compare to proton and an electron. Now with the exception

of hydrogen one all atoms consist of neutrons and protons.

In fact the neutrons bind the protons together in the nucleus because the protons with all the
positive charges have a tendency of repelling each other. The neutrons actually act as glue that
holds all the protons together in the nucleus. Having said that we also aware that for the same

atom we can have a situation where in the number of neutrons are different in the nucleus.

And such kind of atoms are actually know as isotopes, one of the classical example of an isotope
is the carbon 12, and carbon 14 isotope, where in we know that the carbon 12 isotopes is actually
characterized by 6 protons and 6 neutrons. While the carbon 14 isotopes that we are having has 6

protons, but in this case we will have 8 neutrons okay.
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# Bound neotrons in nucleus — Stable

= Unbound ncutrons =  [lnstable

~ Reta decay H—p+e + F‘.

= 17 decay, where n is neutron, p is proton, ¢ is electron and
v, ia cleetron anti-neutring

= Life time af 15 min

= Produced during nuclear fission and fiision

So moving ahead we also known that the bound neutrons in the nucleus are absolutely stable.
However, the unbound neutrons which are just not associated with the nucleus are highly
unstable. Well what exactly I mean when I say that they are unstable well. The neutrons center
goes what is known as B decay. What happens in a 3 decay is that a neutron gets transformed into

a proton, and a electron anti-neutrino.

Let us now getting to nuclear physics, but for the time being and assume and rather understand
that it is not possible to have unbound neutrons as a source for carrying out neutron diffraction
and neutron scattering experiments. Therefore, another important point that needs to be noted
that all this association or decay mechanism that are told ensures that the life time of the neutrons

is only about 15 minute.

And therefore, it is necessary to produce neutrons as and vend rick fire. Coming back how to
produce neutrons well we can always produce them using nuclear fission as well as nuclear

fusion, I am not going to talk much about fission and fusion.
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= Wave-particle duality
. . h
~ de Broglie wavelength A =
# Neutrons have wavelength of the order of X-rays (few Angstrom)
= Hetter penetration depth compared to X-rays
= Can be as high as few mm

~ Mentrons sce only the nueleus and not the electron cloud

~ S0 they travel through a very open structure compared to X-rays or
electron that see (interact) the electron cloud

But let us talk about neutrons as a particle. We know that neutrons are subatomic particles and
quantum mechanically they showed wave particle behavior. So for a neutron travelling at the
particular velocity, we can always assign a particular wave length and treated as a wave with that

particular wave length according to the wave length criteria.

Now the beauty about neutrons as a source for carrying out diffraction or scattering is essentially
that the velocity at the which the neutrons travel when combine with their mass essentially
ensures that the kind of wave length that we are going to get this order of angstrom which falls in
the range of that of x-rays. And this is what ensures that we can use neutrons for carrying out
diffraction experiments whereas the inter atomic another inter planner distances or of the order of

few Angstrom.

But when compare to x-rays neutrons offer much better penetration depth and that is essentially
because neutrons essentially interact with the nucleus of the atom. Now if we look at consider
atom the nucleus occupies on much smaller region compare to the entire size of the atom, most
of the region is occupied by the electronic cloud, having said that this ensures that the neutrons
have a much better penetration depth compare to x-rays it can be as high as of few millimeter in

materials with high density.

As I had already mentioned of this is essentially due to the fact that neutrons C or other field
only the nucleus and not the electron cloud. So the travel essentially to a very open structure

compare to x-rays or electron that see or interact with the electron cloud.
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The same philosophy or the same concept is shown over here in this figure. So if you look at of
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X-ray
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free surface over here and consider it comprises of all these atoms with the dark spot at the center
being in the nucleus and the electron clouds surrounding it. You see that the neutrons actually
interact with the nucleus. It can under go diffraction or scattering. While the x-rays interact with

the outer electrons and it undergoes x-ray scattering or diffraction.

Therefore, we can assume that the probability of x-ray interacting with atom is much higher than
that of a neutron, and therefore, the penetration depth of neutrons is much higher than that of x-
rays. Having said that neutrons also have a tendency to interact with the dipole mind you, we
can talk that neutrons have particular strength and a magnetic dipole moment associated with it.

And therefore, the neutrons can interact with free electrons that also have a dipole moment.

And this dipole-dipole interaction can give us information about magnetic scattering or
diffraction. I would like to bring to your notice that neutron diffraction is probably one of the
most sophisticated techniques that can give us some information about the magnetic structure of

the material.
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~ Interference pattern similar to that of clectrons is generated

~ Diffraction theory for X-rays and electrons can be extended to
neutrons

~ Scantering and diffraction similar o X-rays
~ Braggs law is valid
= Entire X-ray techniques can be performed with neutrons

= Magnetic information as neufrons have spin

Having said that let us try to understand how exactly diffraction takes place when neutrons are
used as a source. Well the concept is exactly similar to that of x-rays. Only thing is instead of x-
rays getting bounced off from the outer part of the atom we have neutrons which get bounced off
or rather reflected from the nucleus of the atom. Therefore, we get a interference pattern very

similar to that of x-rays or electrons.

The diffraction theory for x-rays and electrons can be easily extended to that of neutrons. And
therefore the scattering and diffraction principles that will employ for x-rays and electrons can be
borrowed one to one wave for neutrons also. This shows that Bragg’s law is valid for neutron
diffraction and that we can carry out all the x-ray diffraction and scattering techniques that we

talk about using neutrons.

However, as I had already mentioned one of the best part rather the best kind of property of
neutrons that is on offer which is not there for electrons and x-rays is that we can use the
information about the magnetic structure. Now this information is not given either by x-rays or
electrons, but neutrons can offer us information regarding the magnetic structure of the material

under consideration in addition to the crystal structure.

(Refer Slide Time: 09:30)



Generation of neutrons
=~ Neutrons have to be freed from the nucleus

# Fission reactor
= Neutron source like radioisotope califormum-252
= Bombard n on 27U nuclei

1, 23577 141 a2 1
ottt U= Bat Kr +3;n

= Spallation source
= use synchrotron to aceelerate protons (GeV range)
= tocus the beam on depleted uranium target
= neutrons produced by impact and hence spallation
= Tantalum is most favourcd target

So now when it comes to generation of neutron. So we had talked how we generate x-rays right
in different rays of generating x-rays. Similarly, neutrons also can be generated in different ways.
Essentially we have to draw off the neutrons from the nucleus of the atom. And this can be done
using a fission reactor. In a fission reactor we use a neutron source like radio isotope californium

252.

Now this releases neutrons which are bombarded on a U235 nuclei, this leads to fission of the
uranium nuclei and release of neutrons. Now with the use proper moderator we can control the
number of neutrons that are released and this can act as a continuous source of neutrons right.
Another important way of reducing neutrons is using what is known as a spallation source in
which case we use synchrotron to accelerate protons to very high energy of the order of giga

electron volt range.

And focus this beam on depleted uranium target or these face the most favored target is tantalum
which ensures that neutrons actually fall off or rather spall off from this material that is from
uranium target or tantalum target giving a pulsed source of neutrons. I would like to mention that
a fission reactor can be used for producing nuclear fuel. And therefore, in most countries it is

generally not used for atomic activities.

However, spallation source is more appropriate and is and most of the time is used tabular.
However, one of the biggest problem is spallation source is that it produces a lot of radioactive

waste, that comes from the target material. So once the accelerated photons hit the uranium and



tantalum target and use out neutrons the left over material is highly radioactive. This is one of the

drawbacks of the spallation source.
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Type of neutrons

~ Neutrons produced in fission are at | MeV
~ Slowed down by heavy water or carbon (moderator)

= Hot neutrons
= moderated at 2000° C
= 0.1-0.5¢eV, 0.3-1 A, 10,000 m/s

= Thermal neutrons
= moderated at 40° C
= 0.01-0.1eV, 1-4 A, 2000 m/s

= Cold neutrons
= moderated at 2000 C
=001 eV, 0-40 A, 200 m/s

But having said that depending on the kind of energy that we have neutrons in two different
neutrons can be classified into different regimes. So if you look at how neutrons, hot neutrons are
moderated at 2000 degree centigrade of about 0.01 to 0.5 eV wavelength of about 0.3 to 1
angstrom and travel at the velocity of 1000m/sec. there are thermal neutrons which are
moderated at about 40 degree centigrade, they have energy range of the order of 0.01 to 0.1 eV

wavelength of the order of 1 to 4 angstrom and travel at a velocity of 2000m/sec.

Mind you I hope you have noticed that the thermal neutrons probably are the most important

neutrons because look at the wavelength, the wavelength is of the order of x-rays that we use in a



laboratory. Having said that, look at the energy level that we are having, the energy level is of the

order of one 10™ to 1 100s of the electron volt that is in the range of a few linear electron volt.

In order to produce the same wavelength if you remember you are using voltage of the order of
kilo electron volt when it came to x-rays. So I hope this point it very well taken that we can get
the same wave length of neutrons atom much lower energy level. Now there are what are known
as cold neutrons. So this cold neutrons are actually moderated at 2000 degree centigrade and
they have energy which is lower than 0.01 electron volt, and of wave length of the order of 0 to

40 and travel at speed 200 meter per second.

So most of the cases that we will talk mostly we will focus since we are keeping x-rays and
electrons as our focus, I will talk mostly about thermal neutrons which form in the same range as

that of our x-rays.

(Refer Slide Time: 13:55)

Energy range of thermal neutrons from a reactor

LIse monachromators to choose the desired
f range of wavelength

|
1 2 3

So from all the sources what is the kind of spectrum like what is the kind of neutron that we did?
Do we get neutrons of same frequency and energy or different energy? Well like x-rays also. We
have continue spectrum and we have a characteristic it not here for neutron. In case of neutrons
if you look at the intensity versus wave length. We see that the neutrons follow Maxwell

distribution which is being effected over here.



Most of the time we do not need a wide range of energy distribution, and therefore, we use

mono-chromaters to choose only a wavelength of our interest and use it for further use.
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Secattering Cross section

= Probability of a scallering eveni between neutron and nucleus
# For a plane wave ¢®4, scattered wave {0, @) (¢®/1)

» Differential cross section 97 :| f|:

dC)

= Integral cross section do
gral Cross sec o 40

= A measure of effective surface area seen by impinging particles

Now what are the most important part like which we had talked about doing x-ray as well as
electron diffraction is actually the scattering cross section. The scattering cross section
essentially defines the probability of scattering event between neutrons and nucleus for a plane
wave |, k, z are scattered wave which is (0, ¢) and is multiplied with e*"/r, now this gives us the

scattering probability right.

If you remember this is exactly similar to what we add for x-rays and this term f(0, ¢) is nothing
but equivalent to the structure factor that we had used in case of x-rays. So the differential cross
section if we are about to calculate is do/dw which is nothing but proportional to square of the
structure factor. Now this is nothing but we know the intensity that we did, you remember in x-
rays we are also talked is in just a change in terminology, but in case of x-rays we have this

intensity proportional to the f*.

Now if we go for integral cross section which is nothing but you know you integrate this
differential cross section, so which is o= [do/dw/do this do is the solid angle we will talk about
it in the later slide. But this essentially gives us a measure of effective surface area see by in

fringing particles.
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= Effcetive area presented by a nucleus to an incident neutron
# Unit —— Bam
= 1 Barn = 10077 m?

# Attenuation = exp (-Not) where N = no. of atoms per unit
volume and t is thickness

# Cross section is proportional to square of structure factor

= Very important in determining the intensity of diffracted beams

So the effective area presented by nucleus to an incident neutron is actually represented in terms
of a Barn which is nothing but a unit of area 1 barn = 10*" m?. Having said that another
important point that needs to be noted is that once the neutrons are travelling and the interactive
matter they are going to get attenuated that means their velocity is going to change. And
therefore, the attenuation is given as exponential — Not, where N is the number of atoms per unit

volume and t is the thickness.

So the cross sectional is proportional to the square of structure factor. Now this is very important
in determining the intensity of the diffracted beam. Coming back again the reason we are talking
so much about neutron cross section is actually because of the wave nature and particle nature
right. So here neutrons can also be considered as particle nature while in case of x-rays we just

ensured that no intensity is proportional to the square of the structure factor.
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# (b = peutron flux, no. of neutrons per unit area per time

= a = total number of neutrons scattered per second/ @

» 9% _ No. of neutrons scattered per second into dEADAL

7.9
der ,
® No. of neutrons scattered per sec into d{} & dE

[

Having said that this will be more clear with this drawing over here wherein you see we have
incident neutrons which are coming over here and this is the target. We see that how the neutrons
get diffracted in a particular direction. So if at all we have a neutron flux or ¢ which is nothing
but the neutron, the number of neutron per unit area, per time and the ¢ is the total number of

neutrons scattered per second for incident flux of ¢.

So our do/dw where dw is the solid angle that is covering is actually the number of neutrons
scattered per second into dw right. And this is for ¢ d¢ is not it, and therefore, our do/d@ is
nothing but the number of neutrons scattered per second into do in a energy range of about dE
right. So we see that we have incident and what is the probability of neutrons getting diffracted.
So this is nothing but the fraction of neutrons that are getting diffracted in a particular direction

.

So this is nothing but your neutron cross section, and this is absolutely proportional or rather

directly proportional to the square of the structure factor.
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Scattering by single nucleus

~ Range of nuclear force (R) is of the order of fm

-, ==R

= [, == Eyno energy transfer between neutron and nucleus
= Scattering is always elastic — s no change in vy

~ Scattering is far from nuclear resonance

L]

Neghgble neutron absorption

So let us talk as I have already mentioned that you know the neutrons actually interact with the
nucleus of the atom and not with the electron curve. So if you look at the nucleus you know, that
there is a nuclear force associated with the nucleus. Now the range of the nuclear force is very
small and of the order of few fentometers. We are also aware that the kind of wavelength that we

are using for neutrons is of the order of few angstroms.

Therefore, we have a situation where the wavelength of the neutrons is much, much larger than
the range of the nuclear force. Therefore, the energy of the neutron is much, much lower than the
energy of the nucleus. And this ensures that there is no energy transfer between neutron and
nucleus. This actually ensures that once you have a neutron interacting with a nucleus it does not

lose its energy.

And therefore, all the scattering and the infraction phenomena that are occurring or essentially
elastic. The wavelength as I had already mentioned is actually decided by the velocity because
A=h divided by the move and term which is nothing but a V, so the velocity of the neutrons does
not change. However, their angle the do part right in the last slide we are talked about may

change.

So the scattering is far from nuclear resonance and there no absorption of neutrons in during the

interaction of a neutron with the nuclear of an atom.
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A semantic diagram of the same is the shown over here, where we have this incident beam of the
planar neutron beam right. And here we see that the number of neutron per area ds per second
after scattering is vds 5 scattering square, this is again your wave equation which is square that
gives the intensity ds is the area, and V is velocity. So at the end of the day we end up getting

equal to va’dm where do is the angle it is not been shown over but it is a solid angle right.

And you know that the scatter circular way as the equation of —a/r €™ right. So now the number
of incident neutrons per area ds which is your ¢ is nothing but v¥ incident square which is
nothing but equal to V. And the cross section do/do=d* right. So depending on the scattered
circular wave amplitude we are going to get the do/dw. And as you can see the total scattered

neutron is nothing but in a solid angle right once you integrate you get 4JIa’ right.

This is the where this term is very similar to that of the surface area of the sphere. So we are
considering all spherical waves. So the point is, I would like to repeat again that the neutron
cross section is actually proportional to the square of amplitude right, this is the what we got
even for x-rays only things is we are trying to derive it in a slides different way, because here we
are going instead of having of a way of approximation we are trying to explain the same thing

using a particles of approximation.

Having said that at the end of the day we will end of getting the same solution. So x-rays or for
that matter electrons right, like electrons we talked about coherence scattering and in coherence

scattering.
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Coherent and Incoherent Scattering Cross section

~ Scattering length a, = <a>= + 8y

~ The random component of scattering vector contributes to

incoherent scattering

~ Information about collective motion and relative position of
nuclei ———  Coherent Scattering

~ Motion of individual nucleus —— Incoherent Scattering

=~ H has low coherent scattering cross section than D while for
incoherent scallering cross seclion the situation 1s reversed

So the actual scattering length for neutrons with the nuclear is actually given say ai which is
nothing but a+Aai. Now this Aai essentially indicates or random component, so the random
component of scattering vector contributes to incoherent scattering. So the contribution of A this
summation of a or other bracket of a actually corresponding to elastic while this Aai corresponds

to inelastic scattering.

Now the information about collective motion and relative position of nuclei is given by coherent
scattering. So this is very similar to what we are having right where you atoms are sitting that
means where you nuclei are sitting. And where your neutrons are getting interacting with this
with the nucleus and getting scattered, so this is because of coherent scattering. However, we
also know we have seen this d/1 like term that you know only at 0 Kelvin all the atoms are sitting

at there are own places in the unit cell.

In fact at any temperature other than zero there actually vibrating right. So we actually get a
motion of individual nucleus and that actually leads to incoherent scattering. Now this
contributes actually to this Aai term. Now this term is slightly different then the D while term
because that is taken care of. But any small perturbation in the nucleus actually captured using

incoherent scattering.



To just give on example I will mention that you have cross sections associated with both
coherent as well as incoherent scattering. Having said that a classical example is that of hydrogen
which has a very low coherent scattering cross section, and therefore it cannot be detector using
normal neutron, you know coherent scattering neutron experiments. However, it has very nice or

other vey high incoherent scattering cross-section.

Therefore, if you want to study in fraction experiments mostly hydrogen is replaced wet
deuterium which has a very good either of very high elastic or other coherent scattering cross
section but as very poor incoherent scattering cross-section. So this way you can see that we
think use different kind of scattering events namely coherent and incoherent to detect the
presents of a particular element or rather to be more precise a particular isotope in neutron

scattering or diffraction.

Mind you if want to study diffraction where we need to carry out which corresponds to
coherence scattering, we have to use material or like we will get better signal for deuterium.
Therefore, people who work on ice most all which is H20 solid actually replied hydrogen with
deuterium to carry out neutron diffraction studies to determine the cryptographic texture, while if

you are more interested in studying the spectroscopic aspect of it we can always use hydrogen.
(Refer Slide Time: 26:11)

Scattering cross section vs Atomic weight

HalT @

5
- BN
&1 W J Cu
E cu
- / F /‘\ HB B
:t"l ——
= ‘L L
= o
[
E =18
= in = a0 an
Z — ATOMIC WEIGHT
3 - |
e - NUECLEAR
-5 ® MAGNETIC

Having set that another important aspect with neutron diffraction if you remember for x-ray

diffraction does not have to offer is the scattering cross section. So if you remember we had the



scattering cross-section or rather the intensity of proportional to f* in case x-rays, and f is nothing
but it was a atomic number. So it was not possible to differentiate between two element which

are very close to each other in the periodic table.

However, look what happens when you look at neutron cross- section which is given over here in
terms of scattering length, we see that two atoms or like two elements which are very close to
each other have very different right you see aluminum and caloric with they have quieted
different scattering cross-section. This is essentially ensures that we can easily separate out these

two elements which are very close in periodic table using neutron diffraction.

At the same time we will also see that we get information about the magnetic cross section also,
see here we have nickel 62 here, and we have another nickel, so this scattering cross-section for
nickel and the magnetic cross section, there are two different. So we can actually find out where
our nickel atom is sitting, and where the magnetic moment sitting right lead to for cobalt. And
you see here for different isotopes of nickel you see the huge amount of nickel in the scattering

cross section. Now this information is offered only and only by neutron diffractions.
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The similar information is presented in a very nice work here, so you can see here the x-rays
relative scattering length, we see hydrogen is small, carbon bigger as it most as function of g.

However, when we look at neutron we see there is no one to one corresponds between side that is



atomic number and then the scattering length. And see we can easily separate out between at

joining elements.
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Neutrons

Particle wave Electromagnetic wave

Mass No mass

Spin Y4 Spin 1

agnetic dipole moment No magnetic dipole moment
Interact with nucleus Interact with electrons

Scattering power independent of Scattering power decreases of
26 28

Taking forward our comparison between neutrons and x-rays. We have seen that neutrons
actually behave like particle and wave and x-rays are actually electromagnetic wave. Now
neutrons have a mass associated with it, while x-rays have no mass associated with them.
Neutrons have a spin of half while x-rays have spin of one or they have a magnetic dipole

moment while x -rays have no magnetic dipole moment.

The neutron actually interacts with the nucleus while the x-rays interact with the electrons clove.
Now the neutrons are scattering power independent of 26 which as be shown over here so see
what happens the intensity vs sin theta well it is almost a straight line, it is always a straight line
because as not dependent of the angle. While when we talk about x-rays we know that this value

decreases.



Remember we had seen this f versus sinf value how it was decreasing which started from z, and

it was to do things continuously as a function of 6 not sure for neutrons.
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Neutrons X-rays

Lower absorption Higher absorption

Large amounl of sample Small amount of sample
Neighbours and isotopes can be  Neighbours and isotopes cannot
discriminated be discriminated

Light element detection Light elements not detected
Magnetic structure No Magnetic structure
determination determination

Weak Intense (Lab source 1s 1000

times brighter than neutron
source)

Low availability Very high availability

Now neutrons with their kind of energy they have and since the interact only with the neutrons
have very low absorption while x-rays absorbs a lot. But there is a problem since neutron
interaction is weak we need large amount of sample, while with the x-rays we can leave with the
small amount of sample. Now neutrons the neighbors as well as isotopes can be easily
discriminated, while for x-rays the neighbor isotopes there is no way we can isotopes neighbors

discrimination is very, very difficult.

The detection of light element is very difficult in x-rays while it can be done on a routine basis in
neutrons. One of the biggest USBs of neutrons is that it can be use to determine the magnetic
structure, while no magnetic structure information is obtain from x-rays diffraction. As we had
already seen that the neutron is very weak source or rather of very weak pro, but this is not a

disadvantage.

Because a weaker probe ensures that the kind of interaction that we had seen is not because of an
artifact or any change in the state of matter that we are studying. I would likely mention that the

x-rays of the intern sources where as in terns I am not really talking about synchrotron. But even



on normal x-rays laboratory source is most 1000 times brighter than neutron source. Having said

that we should always remember that neutron source or not available every at every place.

And in fact there are very they hardly of few places in the world while x-rays source the x-ray
diffractometers are available at every university. And therefore, then we used on a day today

basis.
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What having said that it is not like x-rays are gone then neutrons are back. In fact these two
techniques are completely complement to each other, and this particular slide kind of
encompasses the basic complimentary nature of both the techniques. So look at different
elements we have shown different elements over here and see how with the neutron cross

section, and the x-ray cross section various.

So you see that materials with high x-ray cross section have low neutron cross section.
Therefore, you can see that if there is a situation where we have material with high x-ray cross
section and high neutron cross section at the same time, we can always use x-ray and neutron
diffraction or scattering technique to compliment and get complete information from the sample

under investigation.

(Refer Slide Time: 32:11)



Advantages of neutrons over X-rays

= Comparable wavelength to that of X-rays (in Angstrom) at
lower energy

~ Fork ~ 1A
= neutrons have energy of tens of meV
= K-rays have energy of tens of keV

= Ping-pong vs. Cannan ball

= ND can exactly predict where atoms (nuclei) are and
what they do

= Atomic structure and dynamics can be estimated directly

Now just to compile what are the advantages of neutrons over x-rays. Well both of them have
comparable wave length in the angstrom level. However, the energy of neutrons is much lower.
The neutron lower energy as I had already mentioned ensures that there is no harm to the sample.
There is no damage to the sample. The interaction of neutrons with the sample is more of that of

a what happens pink pong ball right and will get trashed on one place to the other.

While in case of x-rays the x-ray proton is like a canon ball which is going through the structure.
Neutron diffraction therefore can predict where atoms that is the nuclei and what they do, this is
something that x-rays cannot tell, x-rays just tell us where the atoms are right, but they do not tell
where the nuclei are. And therefore, atomic structure and dynamics can be estimated directly

mind you only using neutrons.

The dynamics part come because neutron diffraction not only tells us where the atoms or rather
the nuclear but also what they are doing. So this is one of the biggest advantage of neutron

diffraction.
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~ Neutron scattering cross scction varics randomly unlike for X-
Iays

~ Easy to differentiate close elements in periodic table

» Neutrons are sensitive to isotopes not X-rays

= Neutrons offer a weak probe
=~ Better signal

~ However weaker signal

We know that neutron scattering cross section varies randomly right, we had seen those curve
that you know it is not dependent on Z. Now this ensures that we can easily differentiate close
elements in the periodic table. At the same we also have this ability to differentiate between
isotopes different isotopes of the same element using neutrons. X-rays have no capability to

differentiate between the isotopes.

As we had seen neutrons offer a very weak probe and therefore it gives us a very better signal.
Though the signal is very weak and it takes some time to collect and amply the signal the week
probe actually ensures that no damage is caused to the material under investigation. More

importantly no damage is caused to this structure of the material under consideration.
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~ Neutrons have higher penctration depth

= Very usetul for getting bulk properties

» Neutrons give information about magnetic structure
~ Neutrons are neutral particles with spin of ¥4

~ Have a magnetic dipole that interacts with magnetic dipole of
outermost electron s in an atom

= Ability to determine crystallographic as well as magnetic
crystal structure

We have seen that neutrons have higher penetration depth. And there very, very useful for getting
bulk properties. Many of times, the size is very large, if the grain size is very large x-rays cannot
penetrate and they cannot give us complete information about the kind of pieces and say for that
matter preferred orientation that is presentation in a material. This is where neutron diffraction

becomes very, very important.

And this is something that can be done only with neutron diffraction. So whenever it comes to
getting statistically relevant data for a normal diffraction data, we can always use neutron

diffraction. The biggest advantage and which I am neutering again and again for neutrons.
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= Neutrons have higher penetration depth

~ Very useful for getting bulk properties

=~ Meutrons give informarion about magnetic structure
~ Meutrons are neutral particles with spin of

~ Have a magnetic dipale that interacts with magnetic dipole of
outermost electron s in an atom

= Ahility to determine crystallographic as well as magnetic
crystal structure

Is that they give information about the magnetic structure. Neutrons are essentially neutral
particles which spin of half and have a magnetic dipole that interacts with the magnetic dipole of
outermost electrons in an atom. This ensures that we can determine not only the crystallographic
as well as but also the magnetic crystal structure of the material under investigation. Now this is

one of the best advantages of neutron compared to that of X-rays.

Now talking about instrumentation, now this is some slide that we had already seen. We saw that
this was for X-rays. So we had a source or incident beam optics or sample or diffracted beam

optics and a detector.
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Instrumentation

= Source
= Oplics

~ Detector

Inzidens Deam Fart Drifracted Deam Part
ool Enffracted
B |GeamOntce
=T Incident Beam e e Detector

We have something similar, not exactly the same but something very similar for neutrons. We
will try to see how actually we have instruments for carrying out neutron diffraction. So let us

start with the source.
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Source

= Reuctor
- confinuous source
= peak intensity limited by cooling capability in nuclear
reactor

= Spallation souice
= pulsed source
= berter cooling control and higher intensity

Intensity

Time

{msec)

So as we had seen earlier like we have a reactor as a source for neutron diffraction, for producing

neutrons. The reactor is a continuous source and which is shown over here. So we intensity, there
is a constant intensity. Peak intensity is limited by cooling capability in nuclear reactors. Usually

intensity is quite low.

However if we have a splicing source which we had talked about earlier, it is a pulse source. We
see here instead of having a continuous energy level, we do get pulses. This is as a function of
time and here the intensity of the pulses is much higher because of vector cooling control. But

having said that we know that we do not get a continuous spectrum.
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= Dillructometer for continuous source [or normul [-20 scan

= Time of light {TOF) measurement [or spallation source lor
complete [-28 scan

= TOF is fast and gives high neutron flux

=~ Ditfractometer data acquisition and analysis is simple and
15 good for magnetic studies

= Better resolution at low angles for diffractométer

But the intensity is nevertheless higher. Now for the continuous spectrum this is very similar to
what we have for X-rays and once you put a mono-chromator you can use a normal detractive
meter for continuous source and do the same kind of study that we did for X-ray diffraction.
However if you are using a pulse source, mind you, you have to use a time of flight measurement
wherein we measure the time taken by the neutrons to travel the same distance. Mind you, once
the neutrons gets scattered at different angles after interacting with the material they are going to

take different time.

To reach the detector and this can be used to measure the scattering angle and intensity using
time of flight measurement. In time of light we know that the velocity or rather the mass of the
neutrons is the same. Their velocity is also the same but depending on the angle of scattering
there we are going to take different times to reach the detector. So this technique is actually

known as time of flight technique.

This technique is very fast and however we need very high flux for it. Now this defractivated
data acquisition and analysis is very simple and very well suited for magnetic studies and gives
us a very good resolution at low angles. However at high angles we don’t have any other choice

but to go for time of flight measurements.
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Time of flight measurement

Meutron source

Neutron guide Reduce bearmn delivery losses
Dafine diraction

Rotating mechanical discs with
MNeulron choppers OpRnings

Control intial velocity of neutrons

Sample

Mesasure e redguired far & neutron
of pamicular energy to reach the
detactor

Scattering angle related to position of
the neutron detector

Detector

So just to talk about, we talked about the optics. So let us talk about the optics, we have seen the
source. Now we have what are known as neutron guides. Now what the neutron guides do?
Essentially they deduce the beam delivery losses and ensure that the neutrons are travelling in a
particular direction. Then we also have what are known as neutron choppers. Now these neutron
choppers actually are rotating mechanical discs with openings that actually control the initial

velocity of the neutrons.

Remember that we have to this initial velocity of the neutrons when, I say actually ensures that
you are getting neutrons in a particular energy range, that is what we are aiming at. So this is
what we want. Then all this neutrons that is incident that interacts with the sample and then we
have a detector which requires the time required for a neutron of a particular energy to reach the

detector. The scattering angle is related to position of the neutron detector.
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= Mosaic monochromulor — ssymmetrcally cul single crystal

= Neutron puides  ——2 Rellect neutrons
glass plates with 150 nm Ni coating

# Chopper — rofating mechanical devices o block neutrons
Allow neutroms with low bandwadth to pass
= Flipper —s  obiain polanzed neutrons

= Detector —=3 ‘He 1on detector, semi-conductor detector ,
scintillators

Now talking in details we know that in X-ray optics also to get a radiation of a particular
wavelength we use what are known as mono-chromators. For neutrons also we use mosaic
mono-chromators which are nothing but asymmetrically cut single crystals. These ensure that
neutrons with only a particular wavelength are able to pass through. Similarly the neutron guides
actually reflect the neutrons and thereby kind of reduces the path that is available for the

neutrons to travel.

These comprises of the last plates with about 150 nanometer of Nickel coating. So the neutrons
which are incident get reflected and are guided to a particular region. The chopper as I had
mentioned comprises of rotating mechanical devices that block neutrons of various energy and
allow only neutrons with very low bandwidth to pass. So we had seen that there is a Maxwell
distribution. Maxwell distribution will allow only a small part to pass using chopper. There are
certain investigations wherein we need polarize neutrons for doing magnetic study. So in that
case we use a flipper. Now how does a flipper work? I will show you in the next slide but keep in

mind which is shown over here.
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So you see here we have neutrons which are having both kinds of spin, +1/2 and -1/2. Now we
have a substrate which is essentially silicon and a magnetic film coating on it. So you can have
Iron or Niobium and we see that all the neutrons which are incident on it get polarized so only
one direction. So you will have neutrons coming in two opposite directions, all of them going in
one particular direction. Now this single layer can be replaced with multi layer, and we can get

multi layer mirrors or super mirrors to get highly polarized neutron source.

These are actually very important for carrying out magnetic structure determination. Having said
that another most important part of neutron diffraction is actually the detector. Most often the
most common detector is the Helium-Iron detector which comprises of a gas filled detector. We

also use semi conductor detectors as well as centiliter detectors for analyzing neutrons.
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Cold Neutron Chopper Spectrometer
at ORNL

= >
i Bource — Sampli
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I have shown a few schematic of the gold neutron chopper spectrometer at Oakridge National
Laboratory, we just give you a feel for things and here you can see that we have a Fermi chopper.
Let us not talk about it but it is like more of a chopper that controls the kind of wavelengths
which is going in. We have a bandwidth offer, then we have shielding, this is your nuclear guide
and here you see, here is where our sample is and these are all your detectors. So these are pretty

big and you see this entire source to sample.

If this your source over here to sample, this distance is used so write 36.2 m and everything, all
of this is shielded and all this you can see that why very high angles we can get information

using the spoliation source.
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Why Neutrons?
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I did not talked so much about neutrons. Let us now sum up with why at all neutrons are
important and for this you have to go to the energy momentum space diagram and here you see
that this is our energy and momentum diagram or reciprocal space and angular velocity diagram
and here we see that for different amount of Q and our energy, this is [ mean you can also plot it

as your R versus T. R is spatial distance and T is the time we see that neutron scattering.

We see there are various other techniques, we see Raman scattering over here. It is giving us
some information about the time related stuff and the distance related stuff about what is
happening at a atomic level. So you see Raman scattering gives us very small information which
is even better than what we are getting using an MR or certain other techniques like dielectric

spectroscopy or infrared spectroscopy that is shown over here.

But look at neutrons. You see neutrons gives us a lot of information see in inelastic neutron
scattering because of back scattering gives us a lot of information. Similarly here we have small
angle neutron scattering and ultra small angle neutron scattering. So we see when we compare at
the Q Q plot for structure of different materials we see that neutrons offer the ability to probe and
cover the maximum region in the Q Q space and therefore neutrons are very important source for
carrying out material characterization. I hope you appreciate the importance of neutrons in
materials characterization. In the next class which is also the last class of this module, we will

talk about small angle neutron scattering and wind it up. Thank you.
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