Fundamental Spectroscopy:
Open Chemical Eyes
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1. What is light?

1.1 Electromagnetic wave (BhiK)

a) Maxwell Equation in vacuo

Equation holds among four quantities E, D, B, H.

: electric field (&) NC*?
: electric flux density (FBi@& %)  Cm?

: magnetic flux density (RGBEHZE) T
: magnetic field (i5%3%5) Am*

I ™ O m

Electric field (Ei%) E

Coulomb law
Fy = 91%7 .
dreor”

g : permittivity (B4 ) invacuo  8.854 x 10712 C*N"'m™

F= q>2

— 5 q1
dreyr

SoE: q_>D

Electric flux density (Bi@%E) D =g,E (invacuo)

divD = p  p: charge density



Magnetic flux density (B&BHZE) B

Biot-Savart law

ar, = o Dk a6 g

2 1

o : magnetic permeability (LK) 1.257 x 1077 NA ™2

dF I
L_Ko 2 NA 'm™!

B=—L
[dSl 2r

F = gE + g(v X B)
—
I
Magnetic field (B&4) H

B=ﬂ0H
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Maxwell equation in vacuo
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Wave equation for waves propagating with velocity
EoMo

gopto = 8.854x 10712 C*N''m™
x1.257x 107° NA™ A =Cs"!
=11.129 x 1071® m™2s?
1
NET

Co: velocity of light (&5 ) in vacuo

=298 % 10% ms™!

f z

E.=F,cos Zm/(— — r)
€o

< E, = FEcos 2Jrv(i — t)

0
E.=0

e £p [ Z '
H,=-_ [—E,cos Zm-[— — .f]
Ho .CQ _

A H, = @Exg COos me(i — .r]
' Ho Co
. H.=0

"Electromagnetic waves with velocity co are inherently contained in

Maxwell equation.”



b) Plane electromagnetic wave (CF-if ERGE)

Ev#0,E,=FE.=0
Hy#0.H,=H.=0

( E,.=FEycos 2111/(i — t)
€o

< E, =FE,cos 2711/(i — t)
: o
E.=0

( H, = HEDE}Q cos erv( - .f)
i
3 H, = ;' E ocos 2:rv —— r)

“Linearly polarized laser light is very close to a plane wave."

Ar'laser (left, 488.0 nm) and He-Ne laser (right, 632.8 nm)

5



c) Frequency v, angular frequency w, wavenumber k

Electric field Ex(t) at z=0
Period (A1)
T T s
> Frequency (B38)
1

y=— s Hz

Fo\ /\ / T
\/ \/ v ! Angular frequency
(FABER)

w = 2my

E.

-
€

Electric field Ex(x) at t=0
E, Wavelength (% &) Ao

;l[]

€

Wavenumber (%) v cm™!
: Number of waves in 1cm
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Fundamental equation of electromagnetic wave
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Electromagnetic wave in a medium

g — & Moo U C=

g

refractive index (JT4=%) n
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d) Intensity of electromagnetic wave (FERLIEHYIRSE)

Poynting vector S=FExH K
[ S
>

X polarized light propagating along =z axis / /
H

E, = E,ocos 2m(5 - t) E,=E =0
C

H, = \/EEA.O cosS ZJW(E - t) H.=H =0
: y z

Sy=8,=0 S, = \/EEA.Ozcoszbrv(z — t) = caExozccns22m/(E — 1‘)
1
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E2, NC
S. Jm?%™ : Electromagnetic energy flowing per unit area per second

Intensity of electromagnetic wave | (FERLIKAIFRE)

— 1 2. )
[:‘Sz: ECSE,\-Oz Jm281=Wm2
Laser power : Energy emitted fromalaserinls. W= Jst

Picosecond laser pulse with 1mJ average power

Peak power = 110— = 10°W

0—12
L L —y— S‘X 0.01(mm)” ~ 107 m*
10°
Il'r]'II [ — = — lolQWm—z
1| 10%s 10~
f\ , E. =8.5x 10 vm™

"A focused picosecond laser beam produces a gigantic electric field."
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1.2 photon (JF)
Wave—particle duality of light (R0 —E )

“Light is electromagnetic wave as well as photon.” (tZEmk. HHEET)

Ted

L okt
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d)

00 - O =&
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-0 - o+
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What happens if we repeat attenuation 15 times and make the gain 10*°?

Einstein-de Broglie formula: the magic that the Planck constant does

E =hv
L : photon energy — quantity of photon
y : frequency of electromagnetic wave — quantity of electromagnetic wave
J : Planck constant 6.626x1073* Js

A=600nm He-Ne 632.8nm
c 3x 108

=—= =5x 107!
YT 600 x 109 >

E=hv=33x10""]

5mW He-Ne laser ~ 5x10%Js? — 10 photons™
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1.3 Laser (E5)
Light Amplification by Stimulated Emission of Radiation

Ideal light source for spectroscopy

2-level model
o o
hy |:> — Light attenuation (absorption)
N ——

Normal distribution (T >0)

—0—0—0 &

Light amplification (emission)
hy — |:>

S e e

Inverse distribution (T <0)

He-Ne laser
éﬂi—%{&%ﬁ
{ yi \\ l
/Qa‘_’ F’\_ -
K 7P =51 > ®
100% 5 99% 57 & TEM0O0 TEM10 TEMI1
” transverse modes

s (He:Ne=5:1, 2Torr)

¢ +He - He" + ¢
He* + Ne — He + Ne*

Ne® — hv + Ne



Characteristics of laser light

a) Monochromaticity (A1) @ high spectral purity

Ao
P

Al

High resolution spectroscopy  resolution 10%

b) High directionality (fg[a11F)

Divergence angle ~1mrad ; ~ 1073 ﬁ d

Sending laser light to moon and see the reflected light

d=4%x108%x2x107° ~10°m

Focusing the reflected light with a 10 cm lens

(1071’

102
(1052 = 10"

1016 x

c)
d) High focusing capability (U ZE1E)

Easy to focus into sub-micrometer scale

Suitable for microspectroscopy . I 600nm
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e) High brightness (&%)

High light energy can be put into a small solid angle

High intensity laser field

f) High speed (& #14)

At
Ultra-fast pulsed oscillation
> ¢
Q-switing  — nanosecond 107
Mode locking — Picosecond ~ femtosecond 10%? ~ 105
Ultrafast time-resolved spectroscopy (8 & 5 5 [ 43 #4556
82 MHz
d 588 nm
/A~ pulse compressor | SHG [—L]— SYnc. pumpe
: dye laser
A cw mode-locked Nd:YAG laser dye
) amplifier
T P —
cw Nd:YAG regenerative amplifier SHG
PD L
}JV cut filter
N2 pump SHG
g ) (| | %924 nm
UG sampie <P dichroic
polychromator mirror
T _probe _
i i 588 nm
band-reject ?Aﬁ?é?% 3.2ps , J;
filter 3.5cm y I
multichannel detector variable optical
(CCD) ND dglay

11



1.4 Spectrometer (J:3LEE)

a) Spectrometer
Dispersive monochromator/polychromator
(diffraction grating) UV, VIS, Raman
Fourier-transform spectrometer
Interferogram » Spectrum FT-IR
Fourier transformation

b) Diffraction grating ([FI4#5+-)

" 1

m 0

a |\ B
d
Diffraction formula
d(sina + sin ) = mA
m=0 0" order light B =-a
st . : - : A
m=1 1 order diffracted light sinf3 = —sma + =
th : : d. . -
m=2  m" order diffracted light A = —(sina + sinf3)
m
S1 % M1
G
U
52“ M2

A Czerny-Turner monochromator
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1.5 Light Detector (¥RiHI%%)

a) Light detector

Single-channel photodiode, photomultiplier (PMT)

— monochromator with an exit slit

Multi-channel CCD (Charge Coupled Device)

— polychromator

b) Photodiode (Ot —Ai%&)

PNjunction
_hy . e
C PRI ) =1 SitB
O~ 7
— o . ~——

O,
\".
N U 22 Si+P

P
]?V -/)SZ N D'I:in.

c¢) Photomultiplier ~(GtFERFHIE)
K4/—F
/

Y
hv/;vl e \_/ -
+58

Pulse current

fEIEE
GaAs, GaAsP

One photon — 10° photoelectrons
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photon counting!



