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Lasers i A Coherent Light Source

Laser = Light amplification of stimulated emission of radiation

Invented in 1950s by Charles Townes, Alexandr Prokhorov, & Nikolai Basov
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Stimulation emission is the opposite of (stimulated) absorption

Stimulated emission I s a Aphoton corf

The emitted photon has identical Pprc
same color, direction, polarization: Indistinguishable



What does all these have to do with laser?

What is good about laser? What we want from a light source that
a lamp is not?

(1) Monochromatic

(2) High spectral radiance
(3) Low divergence

(4) Unique polarization

(5) Long coherence length

How do we achieve this? | f w e
Then we have | T é | aser, Nobel

We need two things: (1) amplification, (2) population inversion
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Basic Idea of A Laser

Put a |l asing medium in npopul ation I
avalanche, amplification, process occurs as a spontaneous emitted photon
bounce back and forth between the t\
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Uni-directionality comes from the fact that only photons going between
the two mirrors are amplified.

Population inversion is needed so that the probability of stimulated
emission is much greater than absorption to sustained the avalanche process



A Better Understanding of How Light Interaction with Molecules
Is Needed to Know How to Create Population Inversion

Einstein studied these three processes: stimulated absorption,
Stimulated emission, and spontaneous emission

Let N;, N; be the population of molecules in the ground and excited states

Let | be the energy density of light

dN; _

At steady state, the ground and excited states population is constant:

N;
BNl =B; NI +AN,



The relative populations of the states not only can be determined
by kinetic consideration but also by thermodynamics

We also know from statistical mechanics that the populations
of two states in thermal equilibrium is described by Boltzmann statistics
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wh e rke i s thekenergy of states
and T is the absolute temperature
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Einstein B Coefficients
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Combining kinetics and thermodynamics:

What happens when temperature approach infinity?

We expect light density also grows to infinity
(driving all the molecules instantly to the excited state).

r- o as T- =& requres B =B; =B

AEinstein B coefficiento
Therate constants of stimulated absorption and emission are equal
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Population inversion is not possible in a 2-state system

® e
— 9000000 o600
Low Light High Light

As excited state becomes well populated, the excitation
and de-excitation probability becomes equal because
the Einstein coefficients for up and down are equal



Population inversion is possible in a 3-state system

—® 3

— 1
Population inversion can be created if:

(1) Spontaneous decay rate to from state 3 to state 2 is the fastest

(2) Stimulated excitation rate from state 1 to state 3 is faster or
comparable to the decay rate from state 2 to state 1

(3) Population inversion is created between state 1 and 2

(4) I ncreasing Nnpumpo power (o0orang
emission from state 2
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Noise Sources of A Detector

1. Photon Shot Noise i Counting statistics of the signal photons

2. Dark Current Noise T Counting statistics of spontaneous electron generated
in the device

3. Johnson Noise i Thermally induced current in the transimpedence amplifier



Optical Shot Noise

Photon arrival at det ector are statisti

What do we meant by uncorrelated?

IT__irp% Tir"zfn(t+1‘)- nnt)- n)*= Ont+£)Dn*t)>H ¢, 0

-T/2

(* denotes complex conjugate)

Although the mean number of photons arriving per unit time, |, is constant on average,
at each measurement time interval, the number of detected photons can vary.

The statistical fluctuation of these un-correlated random events are characterized
by Poisson statistics.



Poisson Statistics

If the mean number of photon detected is [ , the probability of
observing n photons in time interval t is:

ﬁ
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Spectrum of Possion Noise |
oI (f) = "ﬁ), (e #dr where DI (t) =qDf (n(t) - M)
Assume |-oc;10ton number is Poisson distributed
Power spectral density: 5( f ) — RDfD|~* ( f )D|~( f )
Noise power: N(f,Df) = IS(f)Df

The power spectral density can be evaluated in a slightly round about way by
considering the autocorrelation function:

Autocorrelation function: g(Z) = RDf Pl (t+£)DI (t)*dt

Because the event of Poisson process is completely independent of each other

g(¢) = Rs 2d(¢)/ Df



Spectrum of Poisson Noise I

d(?) is the Dirac-Delta function with the following properties:

It has the unit of frequency

d0)=a;dt)=0fort,. O

ﬁ:/(t)dt:]; ﬁf (Ha(t- ¢)dt=f(¢) 0 t
From Poisson process: 5|2 =2aqbf <[ >
Factor of 2 account for positive and negative frequency bands

The autocorelation function of Poisson noise is:

g(t) =2Rag<| >d(t)



Spectrum of Poisson Noise Il
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Wiener-Khintchine Theorem: 5( f)=rpi)e 2Rt At

Let 6 s wh-Khintdhine theorem is true;

rp(t)e'?dt = RDf i i (t+¢)DI (t)dt]e > o

=RDf Y {PI (t +¢)e"' " dr 1DI (t)dlt
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=RDf fY P! (") dr e # D (t)dt
r':£+},dr':dr
= RDf[ I (¢)e ' de ][ P ()™ dt]

= RDIDI (f)DI (f)*

Fourier transform of the autocorrelation function is the power spectral density



Spectrum of Possion Noise IV

0]

P(f)= fRRag<I >d(t)e ' df =2Rag < >
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Poi sson noise has a nwhiteo s

Noise in a given spectral band:

N(f,Df)=2Raq<| >Df



Photon Shot Noise

The origin of the photon shot noise comes from the Poisson statistics of
the incoming photons itself

The shot noise power is:

N_(f,Df)=2Raq<| > Df

Log(S/N) :

iy
I

The signal power is;: S= < > R

SNR= <|> _aqn/Dt _2agnDf

= = =N
2aqbDf 2aqDf 2aqDf

logS
Used sampling theorem: 1/ Dt = 20

A detector I S consider to be Ai deal o



Dark Current Noise

The ideal photoelectric or photovoltic device does not produces current (electrons)
In the absence of light. However, thermal effect results in some probability

of spontaneous production of free electrons. This effect is measured

by the dark current amplitude of the device: < |4 >

The average dark current is constant at constant temperature, but the electron
generated fluctuate in time according to Poisson statistic similar to the
fluctuation of the signal photons.

From our discussion of photon shot noise, we have immediately

N, (f,Df)=2Raq<I, > Df



Johnson Noise

Johnson noise originates from the temperature dependent fluctuation in the
load resistance R of the transimpedance detection circuit.

s Consider a simple dimensional analysis argument:

Thermal energy: KT
e

| Thermal power: kK TDf

e
Gt
—r
*—
N

Power of Johnson noise current I J: |§R

N, (f,Df) = kTDFf



Characterizing Photodetectors

1. Quantum Efficiency: The probability of generating of a photoelectron from
an incident photon

2. Internal Amplification: The amplification ratio for converting a photoelectron
into an output current

3. Dynamic Range: What is the largest and the lowest signal that can be
measured linearly

4. Response Speed: The time difference and spread between an incoming
photon and the output current burst

5. Geometric form factor: Size and shape of the active area and the detector

6. Noise: Discussed extensively already
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.~ anode

Photomultiplier tube (PMT)

The PMT are characterized by two important parameters

Cathode sensitivity, S (A/W): 0.06 A/W

Gain, a: 107 to 108

We can relate current measured at the
anode to the number of incident photons, n,
arriving within a time interval Dt

| = St G, G/ DX

E, is photon energy

For green (500 nm wavelength) photons:

_hc_6.6310 343s(32 10°m/ s

=43101%]
7 5310 'm
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Sensitivity of PMT Cathode as a Function of Material
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Photodiodes

i
Anode Il ?
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Depletion o ¥ Biasing can increase
Region ® device temporal

Response speed
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Charge Coupled Device (CCD) Cameras

o+ OV 0V Y 0y OV Y OV

Front llluminated

O+ OV 0V +Y 0V OV Y OV

Back (thinned) llluminated



Readout Sequence Principle of CCD
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Wave and Particlel Nature of Light

Particle Nature of Light -- Newton

Wave Nature of Light -- Huygen




Physical Optics i Wave nature of light

Maxwell and His Equations Wave Equations
D('f:4p r -
C ,C 1 Y°E
P@=0 PE - =0
C 1 é: C2 |.lt2
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Plane Wave Solution

I%J(x,t) = I%; coskx- mt)

Pl ane wave propagates | i ke a n

r

a



Reflection and Refraction of Light at Boundary

Reflection

sing =sing,

Intaeface

Refraction (Snell

: n sing =n, sing,

r
YL plane



Simple Ray Tracing |

Ray Tracing iIs jJjust based on t he
to a curved (spherical) surface. We will focus on 4 simple
rules of ray tracing.

Rays pass through the focal point becomes parallel to the optical axis.
Rays parallel to the optical axis are deflected through the focal point.

. Rays originated from the focal point
= emerge parallel to the optical axis

\ Rays parallel to the optical axis

converges to the focal point

/



Simple Ray Tracing Il

Rays originate from the focal plane becomes collimated.
Collimated rays converges at the focal plane.

Rays originated from the plane
emerge collimated

\ Collimated rays emerge focus at
The focal plane




Optical elements [: Lens

We have been using lens throughout this lecture, it may be useful
to pause for a moment to describe what are the typical terminology
associated with lens.

Biconvex Biconcave
R1=0 R1=0
R2=0 R2>0

F'Iano-c:::gjex Plano-concave
R1= R1=00
Rz <0 R2 > 0

Meniscus Meniscus

convex concave

R1=0 R1=0

RZ2=0 RZ=0

Optical element II: mirrors, prism, aperfures

These are common optical elements that 15 mostly self explanatory
and I will not spend much time on these.

Mirrors: Mirrors has similar terminology as lens but only has one
surfave.

Prisms: Prisms has a2 number of applications such as dispersing
different color of light and directing light and image.

Apertures & Stops: As discussed before, aperture and stops serves
to define optical path and to mimmize aberration effect by
eliminating non-paraxial rays.



Optical Microscopy |

Detection path of an optical microscope. Note that at the detector,
the magnification is the ratio of the focal length of the objective and the
tube lens.

Magnification

M :K:i
x f;

L1 L2



Optical Microscopy Il

Kohler illumination ensure that the structure of the light source
(such as the filament of lamp) is not imaged at the specimen.
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Microscopic confrast and resolution
Two of the most important and difficult to quantify aspects of an
optical microscope are its ability to generate contrast and it ability

to rezolve fine stmuctures

What 15 contrast? Contrast refers to an “intensity” difference
between a specimen of interest and 1ts background.

Optically contrast 15 defined as the visibility:

= Tinax —Imin

Ima}; "‘Imin

What is resolution? Resolution defines how fine we can see ...
how far apart two objects have to be for them to be distinguishable.

Rayleigh's Criterion:

Two objects are distinguishable if their centers are separation by
firrthar than their frll sridth at half mavimnm



Diffraction

Diffraction can be considered as a more advanced treatment of
mterference effect. The basic physics of the two phenomena are
wdentical. While we have treated interference as light originating
from point sources (like the double slit expeniment), diffraction
considers interference of light from fimte size objects such as an
aperture.

Diffraction effect can be easily seen when light is restricted into
dimensions that are comparable to its wavelength. For coherent
light source, like a laser, diffraction effects can be readily
observed An example 15 sending laser light through a narrow sli

The treatment of diffraction effects started mn the 1700s-1800s wi
the imtroduction of the Huvgens-Fresnel Principle.

Huygens-Fresnel Principle: Every unobstructed points of a wave
front are a source of secondary spherical wave. The optical field
far awav can be determined by the interference of the secondary
waves.

The Huvgen's principle can be denved directly from the wave
equation assumuing the electric field can be treated as scalar
quantities. It 1s quite a bit of work and I will not go through 1t
here.

Huygens-Fresnel Principle

Spherical Wave Solution

E(r.1) :E{,

sin(k,.r —r)

F.I

and ¢k, =@




Interference
Consider combining two plane waves:
%(r 1) = %1005 CD m) o
I =[ie]

E (r t) = EOZCOSQ<2® m)

The combined field is

I%J(rb t) = I%Z,l cos@ o ut) + I§02 cosqz; o nt)

The brightness or i ntensity i1Is the nme
_1 'Cc
ﬁ(r t)CE*(r t)dt 2 < >

EOl E02 \/Egl E§2 C
= + + 2 CcOS (k - k (Di
2 2 2 2 [t - kz)

=1, +1,+2{l,l, cosd

dis a phase factor measuring the path length difference
of the two beams at F" multiplied by k



Diffraction |

Single slit diffraction is a result of the interference of light due to its wave nature

<«+—Diffracted
: nghlt
Figure 3 .
D J p nlllatxlmrtryn
. ntens
d}' - R nm.g,'l‘.’f..,
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Detector Screen



Diffraction Il

2J, (ka sinG)]g

1@)=10) kasin®@

/
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Microscopy imaging can be consider as the diffraction from a circular aperture
withalens forfocusingi di f f racti on results I n nAbr



Interference
Consider combining two plane waves:
%(r 1) = %1005 CD m) o
I =[ie]

E (r t) = EOZCOSQ<2® m)

The combined field is

I%J(rb t) = I%Z,l cos@ o ut) + I§02 cosqz; o nt)

The brightness or i ntensity i1Is the nme
_1 'Cc
ﬁ(r t)CE*(r t)dt 2 < >

EOl E02 \/Egl E§2 C
= + + 2 CcOS (k - k (Di
2 2 2 2 [t - kz)

=1, +1,+2{l,l, cosd

dis a phase factor measuring the path length difference
of the two beams at F" multiplied by k



Fourier Optics |

Recall the interference of two plane waves s:
Cc C Cc¢

E,(r,t) = Ecosk,.r +mt

d( ) & ¢<é )

Ez(rCZt) = Ecos«z.rC+ wt)

Cc C
I(rC,t) =2l +2I cosQ<1.rC- k2.8

In the case where the waves incident symmetrically and looking at the intensity als

) axis 0

C . 8
I& = ksingk+ k cosgie
léf = ksingk- k cosgi
r=y¥

The intensity has a simple distribution depend on agqgle

I (rC,t) =21 (1+ cos@k cosgy))
Note tha when angle is zero degrdeht wave counter propagatinghehighest
frequency oscillabn isobserved at spatial frequendk = 2,0(/2) . When the waves &

parallel, angle is 90 degrehe spatial frequency is zefoonstant intensity light).



Fourier Optics Il

Consider two point source at the focal plane of a lens, the light rays
become collimated plane waves after the lens and interference is observed.




Fourier Optics Il

What happen when the two sources coincide? Only parallel plane waves
are generated.




Fourier Optics IV

What happen if the point sources are made further apart?




Resolution viewed from Fourier Optics

Light emission from any object in the specimen plane can be
Decomposed into its Fourier components. Which Fourier component
will pass the finite aperture of the objective lens? Low frequencies!



