Interaction of light with

matter:
Scattering, absorption

Scattering of light

Why is the sky blue?

What are these days?
Crepuscular rays
(St. Peter’s basilica)

What makes the sunset red?

Interaction of light with
matter

Incident beam Reflection

Absorption
N
Scattering /l\

Emission

Scattering of light

Explanation - classical physics

d Molecule as a dipole
Dipole moment (p):

= Qd
:]::::[ ! p: dipole m?ment [C-Qm]
:::If: Q: charge [C (Coulomb)]

d: distance between the charges [m]

Light is an
electromagnetic wave
(E, B: electric and
magnetic fields) B

+ the incident light (EM wave) interacts with the particle
» the change of the electric field induces a temporary

transfer of charges in the particle: induces a dipole

» the temporally varying electrical field vibrates the dipoles

which, as oscillators, emit light.

a=— dipole that is generated by a unit of electric force-field

E

a: polarizability [C-m2-V-" ]
p:dipole moment [C-m]
E: electric field strength [V/m]



Rayleigh scattering

*Elastic collision: photon energy (wavelength,
frequency) does not change
! Rayleigh scattering *d<<A\ (particles are smaller than the wavelength)

from air molecules *Mobile scattering particles, located randomly,

relatively far from each other
—— Disorder of phases, there is no interference

Lord Rayleigh
(1842-1919)
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Js=intensity of scattered light

Jo=intensity of incident light

N=number of scattering particles

a=polarizability (dipole moment per electric field)
A=wavelength of light

R=distance between scatterer and observer
©=angle between light source and observer .
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Strong wavelength dependence ~ enhancement
of short wavelengths > blue sky

Biomedical applications of
light scattering

Light —
ight source Detector (a)

J0 J

Turbidimetry (a):

*in case of high scattered
scattered intensities

*measured via apparent

absorbance

Nephelometry (b):

Detector (b) *low scattered intensity
sconcentration dependence
sconcentration measurement of
immune complexes

Mie scattering

*Elastic collision: photon energy
(wavelength) does not change

*No strong A dependency

Gustav Mie
1868-1957

Bigger particle size (> \/10), groups of molecule
very close to each other (e.g. water droplets)
—— oscillate at same phase— interference

of which is comparable to the wavelength

size of droplets

Inelastic scattering

*Energy transition between light and material
*\, f, energy are not constant
*e.g. Raman scattering, Compton scattering (later)

Dynamic Light Scattering
(DLS)

Intensity of scattered light fluctuates in time
Diffusing nm-scale particles
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« From the autocorrelation function (“self-similarity”)
of temporal intensity fluctuation the diffusion | P
constant (D) can be calculated.

+ From the diffusion constant the radius (r) of the I <I> T
spherical particle can be calculated (Stokes- /\/\/\}tﬂ\/ww\f\f\m - =
Einstein): kT o 0
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Scatterers are interacting particles the overall size

White or grey colour of clouds is determined by the



Interaction of light with Reminder-General absorption
matter (attenuation) law

Incident beam Reflection
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A given quantity (J) and

its change (AJ) are
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Exponential function:

J=Joe X
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Light absorption by an

Absorbance atom
J=Jp-e™™
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Origin of the band spectrum
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Band spectrum - origin:

p
¢ chemically identical molecules
are in different energy states
¢ thermal motion
I

* solvent conditions

Line absorption
spectrum

Narrow black lines (“missing colors”) appear in the
spectrum of the light source: absorption lines

Absorption
spectrophotometer

"white"

. source
® | oflight reference
diffraction pattern light

of the 1st order detector

one beam monochromator \ zﬁ‘
| / ’ ’
optical grating - —
(mirror) ¢ L sample
light
turning knob
ch‘:tr‘;n fé?.rca‘ @ driver electronics, computer
grating
o Sample (J)
M S Electronics PC
| Detector
Source Monochromator
E C
Reference (Jo)
double beam R

Beer-Lambert law

From the general attenuation law:

) Absorption

L | RS
A:lg_:lge.l’l-x i \

] % : absorption
For dilute solutions — Beer-Lambert law: & maxima

<
A=1g0 = ey e
A= Llg ] =EnCX

£, = molar extinction coefficient [M-lcm] T aeengnem

(strogly depends on wavelength)

¢ = concentration [M] * Sl unit of molar extinction coefficient (&) : m?mol-,

x: thickn m but the practical unit is M-'cm-

thickness [C ] * Method ideal for concentration measurement of
solutions (qualitative analysis)
¢ Based on the wavelength (at maximum) the material

can be identified, transition energy may be
calculated (quantitative analysis)

Absorption-applications

= —— Carbonmonoxyhemoglobin
—— Oxyhemoglobin

— Beosyhemeglobin * Spectrum: intensity (or its derived

15,000 units, e.g., OD) as a function of
! photon energy (or its derived units,

8 e.g., frequency, wavelength).

= * Spectroscopy: qualitative analysis

g 10,000 of the spectrum.

2 * Spectrometry,

ft’ spectrophotometry. quantitative
5,000 - analysis of the spectrum.

Applications: analysis of chemical
structure, concentration

| | | measurement, etc.
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Why do objects appear the
Pulse oxymetry colour they are?

Non-invasive meaurement of oxygen saturation (SO2) reflection scattering  absorption  transmission

T reerea(2) 2)= I aneea () 1) = J porbea(A) )= «/‘“.Lm(ﬂ)
o)™ W) S R A 1
* % of HgB that carries Oz is measured sssorpton Sascira of Hemgltin 0
. Arttc_aria{ Oéqf/gen tshaturat_ioR (S?(()Sz)(i)s) 10’ w : . : ——
estimated from the peripheral (SpO2 = _
+ Normal value: 95-99% o MBRE o p()u) + O'(/l) + a(/”t) + T(/l) =1

» Ratio measurement is carried out (red/IR)
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Spectral Reflectance Curve

T
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
0

L | L L L
600 650 700 750 a00 850

L
950 1000

Wavslngth fom] e.g. reflection of red
Red and 1 1 Influenced by the relative position e.g. red absorption
infrared ' . l of the light source and observer,
light Red light: Infrared light: size of particles etc. l
660-700 nm 900-940 nm
Detector red object green in transmitted light

State of a molecule is affected by its
Problem 2.81. motional modes

The decadic extinction of Earth's atmospheric ozone layer (which includes
both the absorption and the scattering components) for ultraviolet radiation

with 300 nm wavelength is 2.5. Molecule: atoms connected by

a) What percentage of the incident ultraviolet light can pass through the chemlcal bond_s . .

ozone layer? Simplest case: diatomic molecule
b) By how many fold does the transmitted radiation intensity increase if the (e.g., hydrogen molecule)

thickness of the ozone layer decreases by 20%? For the sake of simplicity
consider the ozone layer a homogeneous layer with uniform ozone

concentration. Molecules vibrate and rotate!

Vibration: periodic motion along the axis of the covalent bond
Rotation: periodic motion around the axis of the covalent bond

Examples of vibrational K , \ ’ K ,
motion in the triatomic
methylene group (-CHz-): et = S

S = £ e Eaa

Asymmetric stretching Symmetric stretching Scissoring



Energy of a molecule
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Max Born J. Robert Oppenheimer
(1882-1970) (1904-1967)

Etotal = Eelectronic + Evibrational + Erotational
Iportant notions:

Types of energy states are independent (not coupled)

Energy states are non-continuous, but discrete

Transition between states involves packets (quanta) of energy
Scales of transition energies between different states are
different:

Born-Oppenheimer approximation:

~100x ~100x

Ee > E/, > E,

~3x101° J (~2 eV) > ~3x102'J > ~3x102%J



