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Course structure

€ Revision of basics

Light as wave and particle
Quantum mechanics;
Spectroscopic transitions

¢ Types of spectroscopy
Absorption
Fluorescence
Raman

¢ Analytical Spectroscopy in Chemistry

Laser
FTIR
Raman microscopy
Photofragmentation

¢ Selective chemistry and Laser isotope separation
¢ Spectroscopy in Astronomy (Solar and exoplanets)



Spectroscopy in chemistry.

* Analytical: what, how much, where ?




Concept of “library”

Which image 1s for a pen?

» You have sets of visual properties in your A

memory for objects;
» You brain compares the images with these

sets to identify them.

Similar for molecules: one needs a set of physical observables to identify a molecule:
e.g., mass (MS), retention time (LC), chemical shifts (NMR), ...

For each technique these properties are to be measured (exceptionally
computed) in advance for known standards and stored.

This is called “Library approach”

Spectroscopy identifies a molecule by its spectra: a result of interaction of
light with molecules as a function of light wavelength.




Quantification

\ Which box 1s larger?

\ * Need a standard to compare:

4 e.g., attenuation of light by a sample

3 |
@ - / relative to a standard of known
\/ concentration.

[Location

Light is to be directed to or light action is to be detected from a desired
volume/surface only
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Review of fundamentals

Properties of Electromagnetic Radiation




Properties of Electromagnetic Radiation

E,

S8 & !

/T

i
2,2
4l

H, 18 95

Refractive index of media n =% T/\ /\ A /\
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EMR propagates slower in any media, but with the same frequency



Properties of Electromagnetic Radiation
E,
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E(x,t)=Eyosm(2x ft + kx + @)

H(x,t)= Hosi2x ft + kx+ ¢)
Wave vector: m =2/ A (I/m)  Wave number: 1/, cm!

Most of the observable effects are due to ,
electric vector of EMW: = Eyo , (W/m?)




Properties of Electric Waves

E(x,t)=Eysin2m ft + kx + ¢)

Linear/plane polarization



Plane-polarized electric wave

Vertically porarized

E, (x,1) = Eyosin(27w ft + kx)

Horizontally polarized

E (x,t)=E_osin(27w ft + kx)




R POLARIZATION
y ly y

/WW> vz £

E(t,x) -E yo SIN(27T ft + kx + ¢y) + E-o sIn(27t ft + kx + ¢:)
What, if Ey = E,y and 0= (§-.)= w2 £nr ?

E’=E’sin’Qaft+kx)+E_ sin’Qm ft+kx+mw/2)

E’ = E [sin’2m ft + kx)+cos’ Qa ft + kx)| = E,

2 2, .2 : .
EJ = X" + Y <= This is circle of radius E,: Circular polarization

Amplitude of electric vector is fixed 0= 12 #+nr
Tip of electric vector inscribes a circle



Circular polarization

Ey




Circular polarized electric wave

Right circular
E (x,t) = Eyosin(27 ft +
E.(x,t)= E,osin(27 ft + kx)

Left circular

E (x,t) = Eyosin(27 ft +

E (x,t)=E_osin(2 ft + kx)
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Light dualism

L ght is just a particular case of EMW with the wavelengths, which
are much smaller than the size of the object our vision can resolve.

According to the Photo-Electric Effect: light behaves like particles
According to the 2-Slit Experiment: light behaves like waves
Interference of two waves
Modern concept of light:
Light has both wave-like and particle-like behavior

Ultraviolet ; Constructive
T . ' interference
radiation source :;\c;‘ttient ]

]
s
1

Electrons
N

Diffraction
pattern




Properties of photon

Photon energy: E =hv;, h=6.626 X 10-34 Joule-sec
Photon angular momentum (spin):
J= h =h/27; or in units of A: 1 =>
photons are Bosons.
f is a vector along the light propagation axis Z:

J,==%1 corresponds to the L-
and R- polarized light.

Linear polarized light is a linear
combination of L and R.

J JE 0, because photon 1s a massless particle
that always moves with c.

Classical picture: E 1L k,butJ =VXF=J I k




16 .
Properties of photon

Photon energy. E=hv; h=6.626 - 10-34 Joule-sec

Photon angular momentum (spin):
F h =h/ 2T, (his Plank’s constant), or in units of A: F1 =>
photons are Bosons. ] is a vector along the light propagation axis Z:

J,==%1 corresponds to the L- and R-polarized light.
Linear polarized light is a linear combination of L and R.

Spectroscopic units.

. capl i
Frequency v : sec' or Hz E = hv,
Wavelength A : ym = 10%m or = ﬁ
nm=10"m or A =10"m na,
~ v hc -
Wavenumber : ,, = 1 —— cm'lonly! E=——=hcv
A, . na,



Reftlection of polarized light

Perpendicular (“S”) \/
polarization sticks up out —_—

of the plane of incidence. X
Parallel ("P") polarization \/
lies parallel to the plane of

iIncidence. |

Does it matter for reflectivity ?



* Reflection Coefficients

for an Air-to-Glass Interface

1.0 —

Zero reflection for P —— S-pol
polarization at " —— P-pol
“Brewster's angle”
(56.3" here). £ ng, =1 < ngu =15
e
n Qqé 0.4 —
tan Hbrewster = —
nl 0.2 —
(n-1) o . . . .
R(0) = > AOI
(n+1)

Reflectivity 4% at normal incidence



Making image with thin lens

Lens is made of transparent material
with n different from n of the media
they are used in.

Glass, fused silica, plastic, ZnSe, Ge

They are optically polished (min scattering) with one or both sides
curved (R, R,); characterized by focal length f:

1 1 1 R

—=(n-1)|—+ —

f 131 R2 —— >
lens in air R,

BI-convex lens: R >0, R,>0, => f>0; positive



Making image with thin lens

They are optically polished (min scattering) with one or two sides
curved (R, R,); characterized by focal length f:

i />

1 1

—=(n-1)|—+ F .- R

SRR T .
1

lens in air n; n, n,

Plano-concave lens:  R,< (0, R,= o¢c => < (); negative
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1 1 feOO'

1
Lens imaging: 7 P ¢ 2f < 2f




2 2 Name of Region Wavelength Range Wave number Other Units

3000 m 105Hz
Radio Waves {
0.3 m (30 cm) 10°Hz (1 GHz)

Microwaves (MW) {
0.06 cm (600 pm) 16.6 cm!
Far Infrared (FIR) {

30 pm 333 cm’!
Mid Infrared {
3 um 3333 cm!

Near Infrared (NIR) ;
visive (VIS). [

Ultraviolet (UV)

200 nm (2000 A) 50,000 cm-! 6.19 eV
Vacuum Ultraviolet {
(VUV)
100 nm (1000 A) 100,000 cm-! 12.4 eV
Extreme Ultraviolet {
(XUV)
5 nm (50 A) 247.8 eV
x-rays and y rays {
103 A



Wave divergence

Wave expands (diverges) upon propagation and becomes larger
than the entry. A~D




Diffraction on hole for A= D

A<<D A~D

[N ) e

D

Any beam is divergent; at best, the

divergence for a diffraction limited

beam is O = 244&

D

Gaussian beams




Gaussian beams

What happens when we try to focus a laser beam?

Auto diffraction

The beam has a finite waiste size !
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Gaussian beams

Hermite-Gaussian polynomials :

E, (x,y,2)=—2H (\/_x) (;{(—Z))expl

w(2) w(z)
Fundamental Gaussian beam (m=0, n=0):

Intensity:

2P
[(r,z)= p——. - €Xp k -2

z=0

\ 4




YAS

Fundamental Gaussian beam

Beam waist:
2w < D)

2w = 2.44)L;F
2w

Beam waist:

2w = D)
Divergence:
AF B A
2w, = 2.44? 0, = 2-445

20, =0, F

\ 4
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Interferometric Optics

* Diffraction grating
 Interferometer Fabri-Perout
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Interference
H Hj \ Ag =0
SN : (T LT\ 2 2
A% A=dsina [=(E +E) =E +E5+2EE,cos(¢)
For max: @un,=2nn; n=0,1,2,...
A
=2m—;
)
Amax: ni
infinity 1 E;
PR AVAVAVAVAVAVAY
E5

VVV VY

\4

A=x  Distance from slit

v




Multiple slit Interference

dsina, =nhi

White Light
Source

Slit

Diffraction
Grating

Screen




Diffraction grating

An optical device that disperses incoming rays of different
wavelengths to different directions

\\\mw ‘ : dsin arrzn T =nA; r " Reflecting
\H‘\n\u\umm W A<d 1T strips (grooves)
l.m\\\“ \\HH A
1 Normal

Order -1

rder 0
/rder 1

|
A

B

1
N
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Grating.:

Interferometric Optics

P .
lane of Incidence

Path difference:

Phase difference:

A=d (sin o0 == sin 3)

A
¢ =27 fAr =22

C
d(sina + sin f8)

A

Q=27

+ if a and p are on the same side;,
— If aand [ are on opposite sides

A
2m—
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Grating
Electrical field by each ray: E, = E cos(n)
Total electrical field:
E = EE1{1 +COSQ +COS2'Q + ...+ CosN-@)}
Total intensity: I =|E_

Complex function presentation

1. Euler formula:

e =cos?+isinG = Re(e"”) = cos?

E = E (cosng) = E Re(e")
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Grating

Total amplitude:

E =E[(l+e’+e* +e™ +...+e"")

IN¢

. . . . l-e
E =E(l+e’+e*+e +...+"")=E .
tot 1 1 l_e"P

Total intensity:

)
z_E21 cosN(p:] sin (N§0/2):]Nz

I =\F | =
" 1-cosp ' sin’(¢p/2)

tot ‘ tot
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Total intensity:

4 N=2
/\AA

2
o175
0 2 4 6 8 10 12 14 16

10 -
N=3

5
O | | ! | ! | ! | ! | ! | ! | !
0 2 4 6 8 10 12 14 16

>
zg-_ N=5

04

Phase Difference
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tot

_ sin’(N¢g/2)

> 1 -N?; for (0 /2 — 0+ nr);
0 sin2(¢/2) 0 @ )

Maximum intensity:

@/2=0,mx,2m1,3m1, . . mnt Q=2
or" 7td(smocism[)’) o pr=0,21,2
A
or': m=0,x1,+2
A<2d

Minimum intensity:

(m+ %))Fd(sina + sin f3) m=0,x1,+2

d(sina = sin f8)

A
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Max:

Relay resolution criteria:

Ap

+“—>

A A—AA

mA=d(sina = sin f3);

Min: (m+ %)(A — AA)=d(sin = sin p);

A AL

><p>< k8

AL




Type Capacity Track pitch Wavelength of laser light

CD 0.7 GB 1.6 um 780 nm (0.780 um)
DVD 4.7 GB 0.74 um 650 nm (0.650 um)
Blu-ray Disc 25 GB 0.32 um 405 nm (0.405 um)

mA=d(sinx £sin ) = l=%;

A <2d, A <d..;

m_ < %

max /l :



* Analyze incoming light

» Filter light of one particular

Diffraction grating

(spectrometer).

Diffraction
Grating

Detector

wavelength (monochromator). -~ '

Sample

laser
° ° m
« Controlling light wavelength e
in tunable lasers (grating = ” | | I I
selective mirror) | | Po—
| gain medium / iffrac
output
coupling light of other wavele ngths

miryor blocked by aperture



Ei

Fabry-Perot interferometer

M;j (t1,r1)
t1-E,-

|

r. r2.t1.e,-5E
=i

47l 4rnl
M (t2.r2) A =2nlcosO® 6= %cos@ = T 0s6
0
. t1.to.E; E: = Eityty(1+ry re® + (ry rzei8)2+...)
A- \'z.E\ :-'
Eitqt,
: . (ei5~r1. r2) t1.t5.E; Et = 1-I’1rzei5
P 'l
T (e'5-r1. r2)2 t1.t2.Ei : I ‘t‘4
. IT - ‘ET‘ - 02 e
‘1 -1° e’
(eia'r»]. r2)3 t1.t2.Ei
1
T 0 4R ) s

Airi function
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Fabry-Perot interferometer

Airy function
107 R=0.046
F=0.2 _
0.87
0.67
IF:(:(Z).27
AN
0.47
R=0.64
oo F20 j
067\
F=20CK
s

FPI is a filter that transmits light
with the frequencies multiple to the
FSP: ;

vV = m—cost
" 2/

I ¢

1

b=bh—R 47l
- 1R) sinzg d =—cosf
Max: &=2mn, — - or: 2[cosO = mA
Max transmittance: v =" 5 _
" 2[lcosB 7 2/cosf
V,,=Cc/A
m=0,1,2, ...

Free spectral range: Av= i; Av = l;
21 21
Transmissiqn W%d’[h Av  (1-R)
(and resolution): Ay, = =
F 271vR
/R

Finesse: F-=
(1-R)



Summary for this lecture

Beam divergence: 0, = 244& y + D
D
The smallest focal point:
2w, =2.44 )L—F
D

Intensity for N interfering rays of light:

in> (N /2)
I=Izs1n( @ o
Spectral resolution of grating: Transmittance of IFP:
C
LI N Vi =m—cos 6

Nd  d AL 21



