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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
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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
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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
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(* 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
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= 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
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P(f)= fRRag<I >d(t)e ' df =2Rag < >

| A

v

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) :
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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
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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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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
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Sensitivity of PMT Cathode as a Function of Material



