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Introducing photons, neutrons and
muons for materials characterization

Lecture 6: Neutron Cross Sections
with Matter



Sensor and particle probe measurements

Sensor measurement

Sensor experiments:

Sensor is sensitive to physical
property and convertsthe
signal to something observable

Particle probes for measurements

N @

detector

Particle in Particle out
(energy, polarization, (energy, pol,
direction direction etc)

Particle probe experiments:

Particles injected and ejected in sample
probe the materials properties of the
material



Examples: Sensor vs particle probe measurements

Sensor measurement

J. Chakalian, Univ. Arkansas

Example: Atomic force microscopy
AFM acts as sensor, whose position
can be measured with a laser

Particle probes for measurements
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Example: Inelastic neutron scattering
Neutrons transfer momentum and
energy to excitations in the material,
these changes can be detected by
the scattered neutron



Types of Photon/Neutron Experiments

Absorption: absorption of particles in transmission
Neutron and X-ray Imaging
X-ray absorption spectroscopy

Scattering: radiation (light, particles) change direction is used to probe
materials

Coherent scattering experiment
Reflection

Emission experiments (Photon in-photon out, Neutron in-Photon out;
Photon in-Electron out)

Neutron prompt gamma experiments
ARPES (angular resolved photoemssion)



Photons vs neutrons

. neutrons
Example of neutronimaging '

Detector

Collimator
Source

X-rays and neutrons have different
cross-sections with matter

WWW. psi.ch



b (neutron). fO(X-ravs). fim=10""cm

Cross-sections photons and neutrons

X-ray scattering amplitudes
and neutron scafttering lengths:
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(Coherent, elastic) bound neutron scattering lengths
Jor the natural occurrences of the elements:

-

10 20 30 40 S0 60 10 ) 30 A S0 o) () S0

Courtesy D. Sheptykov Atomic number Z Atomic number Z

X-rays interact with electron shell, nuclear neutron scattering interacts with the nuclei
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Example: X-ray vs. neutron diffraction

Neutrons

Courtesy D. Sheptykov
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Neutron interactions with matter

e Strong nuclear interaction

length scale 10fm

—> scattering
— absorption

Magnetic interaction

power law decay

V(R) = —p

n

Strong nuclear force

Libretexts.org

Electrostatic repulsion

Write potentials for two interactions

.B(R)



Nuclear scattering length

* Originof nuclear scattering

- Strong interaction of neutron with nuclei is complex

- Wave-length of thermal neutronsis ~ 0.1nm>> 10®nm
of nuclear force

- Nuclear interactions can be approximated by point like

potential

2 h?
Vir) = wh

bé(r)

my

* b is nuclear scattering length (units of a length)
* b depends on nuclei and isotope
* Cross section (units of barn or cm?)

Otot — 47Tb2



Nuclear spin scattering

Some nuclei possess nuclear spin

This lead to additional cross-section, and a change of the
scattering length

2,
VIT+1)

Very anisotropic scattering length

b="b.+ s-1

Nuclear spin is not ordered, so in average scattering is
isotropic

Because scattering length can be different on same atomic
position, this can lead to incoherent scattering



Nuclear length from differentisotopes

e Atoms are stable with different number of neutrons
- isotopes

* Interactions between neutron and nuclei depends on number
of neutrons

* Neutron scattering length depends on isotope

Example: H Example: He
Isotope| conc |(Cohb |Inchb Isotope| conc Coh b Incb
H -3.7390 [--- He |- 3.26(3)

3He |0.00014 |(5.74-1.483i|-2.5+2.568i
4He  |99.99986 (3.26 0

1H 99985 |[-3.7406 |25.274
2H 0015 |6.671 |4.04
3H (1232a)4.792 |[-1.04




Example: Isotope with different nuclear spin

Case: nucleus with one isotope with nuclear spin /

Two states: [+1/2,1-1/2

Examples:  hydrogen /=1/2 : b*=10.85fm, b-=-47.50fm
deuterium /=1 b*=9.53 fm, b=0.98 fm

How to calculate the incoherent scattering?
The number of states are:

ft= 2I+2
For [+1/2 : 2/+2 ) 4;2
Forl-1/2 :  2I " =4n

Total states: 41+2

b=sr7 (I + 10t +1b7)



Neutron scattering length and cross sections

NIST
NIST Center for Neutron Research ssandabin ol beieay
Home ICP Experiments UserProposal Instruments SiteMap

Neutron scattering lengths and cross sections
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Scattering length (fm units)

Example Cu

| Neutron scattering lengths and cross sections
[Isotope |conc [Coh b |Inc b Coh xs [Inc xs |Scatt xs |Abs xs
Cu |- [1718 |- [7485 [0.55 (803 [3.78
[63Cu [69.17(643 (022 [S2  [0.006 [5.2 |45
65Cu [30.83[10.61 [1.79 (141 (04 [145 [2.17

Cross sections (barn=10"2%m? units)




Magnetic neutron scattering

‘ o 3
My, = 27[in B
He = —2,LLB§ e
xR
Magnetic field from electron: B(R) =V X (Z; ”‘}%z )

Neutron-electron interaction: V(R) = —



Absorption cross-section

* Neutrons can be absorbed by nuclei (heutron capture)
* \Very different absorption length than X-rays (for 100keV)
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Neutrons and matter

* Very weak interaction
 Many neutrons are transmitted

© Transmission

Nuclgus

Absorption

Scattering



Neutron Imaging (neutron radiography)

object object

N
"

N

~
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detector
source
source

neutron transmission pictures

sample

\-—/

I(.X,J’,E) = Io(l','\',E)- e—z("’-"’E)‘d(-‘,.\')

Intensity decreases exponentially with thickness d of the

detector

Objects or materials can be imaged quantitiavely by using

2(x,y,E) is the effective attenuation coefficientat x,y and for E



Neutron imaging instrument

second moderator detector
(cold source)

manipulator

|

beam beam
limiter dump

primary source



ICON neutron imaging beamline
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Imaging: spatial resolution

Source Collimator Object, Detector

e Collimation ratio C=L/D

L: collimator length

D: primary aperture opening
e Geometric blurring u=d/C



Tomography Imaging

neutron radiography in different
orientations

Software-based reconstruction
methods can created 3D pictures

Computer
3D reconstruction

CCD-Camera _g_

Radiation source Sample

Scintilkator Mirror

Detector



Example: neutron imaging

Object Neutron Neutron

radiography tomography




Principle of scattering

NN

05 0.75

Interference of waves at objects

/. arh un,
I ark. un.

Constructive and destructive
interference at two slit object

Bragg’s law in crystals
— Constructive interference at
reciprocal wave-vectors




Wave-function and matter

medium K

air

 Wave-function describing neutron particles can change when entering a
material

 This can affect the overall interaction of neutron with materials

—> Refraction
- Total reflection



Kinematicor Born approximation

* Interaction between neutron and matter is very weak

e Often only one scattering even in the material
* the incident wave is in many cases only very weakly affected
by the material

k

NN

Approximation:
* Onlyone scattering event
e Wave-function in vacuum and in material are the same



Fermi Golden Rule

- Single scattering event
- Incident wavek, interaction potential U, scattered wavek’

2

doc k[ m N
dQdw I( gﬂ-hﬁ) Emz’(k A

A A

0] kA)F(S{hcu +E,-E, }

A _ﬂhl
U(r) = 7T}:bp{r-l{j} .

dzo' N . Y
=10~ cm’®
ddw
=1 barn

b,~ 1012 cm -—>

Q=k;—k;



Calculation of correlation function

do

dQdw Zﬁgpzb;b, f |e idﬁ,-'(oyeiéiz,njnlA>e_im:dt
JsJ
(4)= 2 P24 2) Q=k; -k,

A

|0) idﬁj“) —iwt
dew _7%2 j Jf< € >€ dt



Correlation functions

1 ~iQR; (0) iQR;(t
Intermediate correlation function: 1(Q )= Wz<e QR; (0) , QR ( )>
Ji’
1 7 :
Pair correlation function: G(R,1) = - fI(Q,t)e_’QRdQ
) .
Dynamical structure factor: S(Q,w) = ;fI(Q,t)e'i‘”’dt
(Znh) v

d’o _Ocon ENs(q, ®) G.p = 47h
dQdE') =~ 47m Kk



Elastic Scattering

d%o R .
szRjz(O) 1Q-R;(t)\ ,—wwt
AQdw k 27rh Zb i / ¢ Je e

assume there is no time operator time dependence, and integrate over time

do >/ d?o - -
I _ b (e Q@ Ry 2Q R,
a0 /_oc (dew> d(hw) jzj;bﬂbf (e )

Assume fixed atomic positions (replace operators with atomic positions)

1 .
coh j,j/

() = @)= e - N (@) - o)

y !

J=J



Incoherent Scattering

P, : relative probability for isotope
®© % 00 ‘*
O O PR

o, = 4Jl'<b>2

0, = 4 (")~ (o) ]




Dynamical scattering theory

Multiple scattering was previously ignored because these
effects are often weak

Below an critical angle of incidence neutrons are completely
reflected, this scattering is not weak

2
[—h—V2 + V(r)] Vk(r) = Ey(r) Vir)=20 except r € target region T

2m

U (r) = U (r) + / &*r'G, (v, v |E) V(x') Uy (1)
T

om 1 eklr—r| 2m
T with  k=4/—F
h? Am|r — /| h?

Go(r,7'|E) =




Dynamical scattering theory

The wave-vector can change when a wave enters a medium
[Vz +2m(E - 17)/712]//(1*) =0

27th?

m

C. ik 7 _
incident wave: W(r)=e"’ 7V

P

Vacuum : k* = 2mE / h*

2
0

Medium: k> =2m(E-V)/h* =k, -4mp

Refractive index n=k/k,: n=1-Xp/2x



Snell’s and Fresnel’s Law

e Continuity of W and W’ at surface

a,+az=a, (1)

I'k“‘l‘

tkir

N

Wy = aje WR = aQRe

— —

a,k, +azk, =ak,

a,k coso +ayk cosa = a,nk coso’

. . '
- (aI - aR )k SN = _aTnk sm & Ur = apetkTT

e Snell’s law: COSOL = N COS O

* Fresnel’s law: r=apla, =k, —kp)/(k, +kp,)




Energy/time scales and length scales
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