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Detector

A typical biomedical optics experiment

Light source Intermediate 
Optics

Specimen

Lasers – A Coherent Light Source 

Laser = Light amplification of stimulated emission of radiation

Invented in 1950s by Charles Townes, Alexandr Prokhorov, & Nikolai Basov

Stimulation emission is the opposite of (stimulated) absorption 
Stimulated emission is a “photon copier.”  
The emitted photon has identical properties as the “stimulating” photon:

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( ) q p
(5) Long coherence length

How do we achieve this?  If we can “copy” a photon many times.  
Then we have IT … laser, Nobel prize, ….

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

Put a lasing medium in “population inversion” between two mirrors.  An
avalanche, amplification, process occurs as a spontaneous emitted photon
bounce back and forth between the two mirrors to “copy” more of itself. 

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

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

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

Let               be the population of molecules in the ground and excited statesji NN ,

Let    be the energy density of lightI
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We also know from statistical mechanics that the populations
of two states in thermal equilibrium is described by Boltzmann statistics
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where is the energy of states i and j is the Boltzmann’s constantE k

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

where       is the energy of states i and j,    is the Boltzmann s constant
and T is the absolute temperature
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Einstein B Coefficients

Combining kinetics and thermodynamics:

What happens when temperature approach infinity?

We expect light density also grows to infinity 
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(driving all the molecules instantly to the excited state).
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“Einstein B coefficient”
The rate constants of stimulated absorption and emission are equal
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Population inversion is not possible in a 2-state system

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

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) Increasing “pump” power (orange) do not cause stimulated

emission from state 2
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A typical biomedical optics experiment

Light source Intermediate 
Optics
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Noise Sources of A Detector

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

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

3 Johnson Noise Thermall ind ced c rrent in the transimpedence amplifier3.  Johnson Noise – Thermally induced current in the transimpedence amplifier

Optical Shot Noise

Photon arrival at detector are statistically independent, “uncorrelated”, events

What do we meant by uncorrelated?
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Although the mean number of photons arriving per unit time, λ,  is constant on average,
at each measurement time interval, the number of detected photons can vary.

2/−T

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

(* denotes complex conjugate)
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Poisson Statistics

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

!
)|(

n
nennP

n
n−=

=1 =5

Mean:

∑=
M

i
in

M
n 1

n

n n

=10 =20

Variance:

∑ −=
M

i
in nn

M
22 )(1σ

2
nn σ=

n n

Spectrum of Possion Noise I
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Power spectral density: 

Noise power: ffPffN Δ=Δ )(~),(~

Assume photon number is Poisson distributed

Autocorrelation function:

fRg I Δ= /)()( 2 τδστ

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

Because the event of Poisson process is completely independent of each other
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is the Dirac-Delta function with the following properties: 

It has the unit of frequency

Spectrum of Poisson Noise II
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Factor of 2 account for positive and negative frequency bands
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The autocorelation function of Poisson noise is:
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Wiener-Khintchine Theorem: ∫
∞
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Let’s why Wiener-Khintchine theorem is true:
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Spectrum of Poisson Noise III
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Fourier transform of the autocorrelation function is the power spectral density
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Spectrum of Possion Noise IV
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Noise in a given spectral band:
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Poisson noise has a “white” spectrum

Photon Shot Noise

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

fIqRffNs Δ><=Δ α2),(~
The shot noise power is:

The signal power is: RIS 2>=<
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Used sampling theorem: ft Δ=Δ 2/1

A detector is consider to be “ideal” if it is dominated by just shot noise.
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Dark Current Noise 

>< dI

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: 

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.

fIqRffN dd Δ><=Δ α2),(~

From our discussion of photon shot noise, we have immediately

Johnson Noise

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

Consider a simple dimensional analysis argument:

Thermal energy:

fkTΔ
kT

Thermal power: 

Power of Johnson noise current        : RIJ
2
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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
d li lmeasured 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, α: 107 to 108

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

tnESI Δ⋅⋅⋅= /γα

γE is photon energy

For green (500 nm wavelength) photons:
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Sensitivity of PMT Cathode as a Function of Material

Photodiodes

Biasing can increase
device temporal
Response speed

Recall:
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Charge Coupled Device (CCD) Cameras

Front Illuminated Back (thinned) Illuminated

Readout Sequence Principle of CCD

Detector

A typical biomedical optics experiment

Light source Intermediate 
Optics

Specimen
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Wave Nature of Light -- Huygen Particle Nature of Light -- Newton

Wave and Particlel Nature of Light

Physical Optics – Wave nature of light

Maxwell and His Equations Wave Equations
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Plane Wave Solution
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Plane wave propagates like a “ray” of light

Reflection and Refraction of Light at Boundary

Reflection

i θθ sinsin =

Refraction (Snell’s Law)

ri θθ sinsin =
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Simple Ray Tracing I

Ray Tracing is just based on the application of Snell’s law 
to a curved (spherical) surface.  We will focus on 4 simple
rules of ray tracing.  

Rays originated from the focal point

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

emerge parallel to the optical axis

Rays parallel to the optical axis
converges to the focal point

Simple Ray Tracing II

Rays originated from the plane
emerge collimated

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

Collimated rays emerge focus at 
The focal plane
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Optical Microscopy I

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.
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Optical Microscopy III

Kohler illumination ensure that the structure of the light source
(such as the filament of lamp) is not imaged at the specimen. 

Trans-illumination Epi-illumination
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Huygens-Fresnel Principle

Spherical Wave Solution

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

Diffraction I

Diffraction II
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Diffraction III

Diffraction IV

Diffraction V

Microscopy imaging can be consider as the diffraction from a circular aperture
with a lens for focusing – diffraction results in “broadening” of the focal point.
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Interference I

Consider combining two plane waves:
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Recall from lecture 1, the interference of two plane waves: 
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In the case where the waves incident symmetrically and looking at the intensity along the 
y axis 
 

Fourier Optics I

Recall the interference of two plane waves
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The intensity has a simple distribution depend on angle θ: 
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Note that when angle is zero degree (light wave counter propagating), the highest 

frequency oscillation is observed at spatial frequency: )2(22
λ

π=k .   When the waves are 

parallel, angle is 90 degree, the spatial frequency is zero (constant intensity light). 

Fourier Optics II

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.
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Fourier Optics III

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!
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Resolution viewed from Fourier Optics II

What is the maximum frequency that can be pass?  Consider the case
of a very large lens (numerical aperture, NA approach one). The

)sin(θnNA =

of a very large lens (numerical aperture, NA approach one).  The 
waves will approach counter propagating and the maximum frequency 
is:

)2(2max λ
π=k

Note that maximum spatial frequency is a function of wavelength.  
Shorter wavelength implies higher frequency (resolution) imaging.

At a given wavelength, we should expect a resolution of about 
2
λ

Resolution viewed from Fourier Optics III

Point Spread function

More quantitative analysis shows that:
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Resolution viewed from Fourier Optics VI
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Microscope Configurations

Trans Epi

Fluorescence is fundamentally a quantum phenomena

Light ray can be thought of as a stream of photons each having energy:

λ
υ chhE ==

Light-Molecule Interaction
Jablonski Diagram

Polyatomic
molecules

Simple
orbitals

Jablonski Diagram
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Basic Properties of Fluroescence
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Fluorescent Probes

Organic Probes Genetic Probes

Quantum Dots

Michalet et al, Science, 2005

Hoffmann et al, Nat. Meth, 2005Molecular Probes, Oregon

Strengths of Fluorescence Microscopy

Strengths of Fluorescence Microscopy
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Strengths of Fluorescence Microscopy

(3) Molecular Sensitivity

Alexandrakis, Nat. Med., 2004
Yildiz, Acc. Chem. Res., 2005

Strengths of Fluorescence Microscopy

Strengths of Fluorescence Microscopy

(5) Monitors genetic expression
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Biological systems are inherently 3D!

The Need For 3D Resolved Imaging

Biological processes also
occur on multiple length
scale

Histopathology

Solution: mechanical sectioning of specimen

Comment: (1) Clinical standard (2) Simple technology
(3) Sectioning artifacts (4) Not in vivo

Total Internal Reflection Microscopy

Objective 

Solution: Evanescence wave
at interfaces

Comments: (1) only basal
surface structure (2)
high z resolution, 50 nm

TIRF Wide Field

j
Lens

Standing 
wave

Sample

Mirror

Piezo

n1θ

Sund & Alexrod, Biophys J 2000
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True 3D Microscopy

Confocal Microscopy: Minsky, US Patent, 1961

Two-Photon Microscopy: Sheppard et al., IEEE J of QE, 1977
Denk et al., Science, 1990

The Invention of Confocal Microscopy

Confocal microscopy is invented by Prof. Melvin Minsky of MIT in about 1950s.

Principle of Confocal Microscopy
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Point Spread Function of Confocal Microscopy

Lateral Dimension: Airy function
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k is the wave number

Axial Dimension : Sinz function
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Resolution:
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Depth discrimination

For a uniform specimen, we can ask how much fluorescence is generated 
at each z-section above and below the focal plane 
assuming that negligible amount of light is absorbed throughout. 

u (z-axis)

v (r-axis)

∫
∞

− ≡
0

sec ),(2)( vdvvuFuFz π

0 8

1

1.2

Depth discrimination

0

0.2

0.4

0.6

0.8

0 10 20 30 40

One-Photon

Tw o-Photon



4/4/2008

26

Early Demonstration of Confocal Microscopy in Biological Imaging

White et al., JCB 1987

Some Recent Application of Confocal Tissue Imaging

Confocal Tissue Imaging

Masters, Opt Lett, 1999
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Tandem Scanning Confocal Microscope

Utilizes a Nipkow Disk

Holes organize in an
Archimedes spiral Petran’s System

A Model Tandem Confocal Microscope
Utilizing Yokogawa Scan Head

Eliminate light throughput
Issue by spinning both
a plate of lenslets and 
nother plate of pinholes

C. Elegans

Calcium events in nerve fiber

Basic Ideas of two-photon excitation 

Two-photon excitation is similar to the one-photon process 
except the use of two lower energy (infrared) photons.

The difference between the two can be seen in these movies:
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An abbreviated history of two-photon microscopy

(1930)  Maria Goeppert-Mayer predicted the existence of two-photon effect

(1961)  Franken et al. demonstrated second harmonic generation in ruby

(1961)  Kaiser et al. showed two-photon fluorescence in a solid state material

(1964)  Singh and Bradley reports three-photon fluorescence

(1970s-1980s)  Two-photon effect has been used in biological spectroscopy 
by researchers such as Birge Fredrich and McCainby researchers such as Birge, Fredrich, and McCain

(1970s-1980s)  Microanalysis based on non-linear 2nd harmonic generation 
was developed by researchers such as Freund and Hellwarth

(1976-80s)  A number of researchers such as Sheppard, Kompfner, Gannaway 
and Wilson suggested the possibility of incorporating non-linear excitation 
\into scanning microscopy

(1989)Denk, Webb and coworkers definitively demonstrated two-photon scanning
microscopy and a number of its unique properties such as 
the triggering of localized chemical reaction

Two-Photon Excitation Microscopy 

excitation
photon

emission
photon

emission
photonexcitation

photons

first electronic
excited state

one-photon fluorescence fluorescencetwo-photon

vibrational
relaxation

(a) (b)

electronic
ground state

one photon
excitation

fluorescence
emission

fluorescence
emission

two photon
excitation

vibrational
states

A comparison of two-photon and confocal microscopes

(1) Confocal microscopes have better resolution than two-photon microscopes 
without confocal detection.

(2) Two-photon microscope results in less photodamage in biological specimens.  
The seminal work by the White group in U. Wisconsin on the development of 
c. elegans and hamsters provides some of the best demonstration.  
After embryos have been continuously imaged for over hours, 
live specimens are born after implantation.
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(3)  Two-photon microscope provides better penetration into highly scattering tissue specimen. 
Infrared light has lower absorption and lower scattering in turbid media.

The design of a two-photon microscope

Two-photon microscope design is actually significantly simpler than that of 
confocal microscope and has much in common. 

In collaboration with I. Kochevar, Wellman Labs, MGH and B. Masters
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IN VIVO IMAGING OF NEURONAL DEVELOPMENT

In collaboration with Wei Lee & Elle Nevidi, MIT

Z-Stack, Individual Slices

Reconstructed 3-D View

Computational Model of Dendrite Branches

3D Multiple Particle Tracking with Video Rate Two-Photon Microscopy

PMT

Galvanometer-driven
mirror

(Y-axis scanner)Dichroic
mirror

Piezoelectric

Inside of microscope

PMT

Galvanometer-driven
mirror

(Y-axis scanner)Dichroic
mirror

Piezoelectric

Inside of microscope

Imaging of 
myocyte contraction --

R6G labeled mitochondria

In collaboration with Ki Hean Kim (MIT)

Ti-Sa laser

Polygonal mirror
(X-axis scanner)

Objective
lens

Computer-controlled
Specimen stage

Laser diode

Photo diode

translator

Ti-Sa laser

Polygonal mirror
(X-axis scanner)

Objective
lens

Computer-controlled
Specimen stage

Laser diode

Photo diode

translator

In collaboration with J. Lammerding, 
H. Huang, K. Kim, R. Kamm, R. Lee
(MIT and Brigham & Women’s Hospital)

3D Quantification of Blood Flow in Solid Tumors

In collaboration with Rakesh Jain, MGH
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fm f1

d2
x

y

Multi-foci

a

a

F

f1 f2 f2 f3 f3 fobj.

d1

MMM Ray Tracing

2-Photon Microscope – multi foci scanning

Resonant-mirror-
position

CCD

Fixed micro-lens array for Resonant-mirror setup

In collaboration with Karsten Bahlmann (MIT), Mike Kirber (BU Medical Center)

MAPMT-based MMM

Spontaneous contraction of cardiac myocyte cells labeled with fluo3

μm

y:
 6

4 
μm

y:
 6

4 

x: 64 μm

800 images at 640 frames/sec : 1,25 sec sequence

x: 64 μm

White light
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QUANTIFYING AND UNDERSTANDING 
GENETICALLY INDUCED CARDIAC HYPERTROPY

Macroscopic View of Whole Mouse Heart with Microscopic Subcellular Image Resolution


