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Microscopy
of Organic Molecules g

in Rock
In order to image the micro world we will need two things:In order to image the micro-world, we will need two things:

(1) Spatial resolution
(2) Contrast( )

Problems: 

(1) Prefer to use visible light, UV absorbed and scattered

(2) Features may be small: <1m. IR wavelength too long.(2) Features may be small: 1m. IR wavelength too long.

(3) Organic inclusions do not come colour-coded for our 
viewing pleasure….g p

(4) How can we get molecule-specific contrast?



How can we achieve 
MoleculeMolecule

Specific Imaging?

• Want to avoid exogenous labels (dyes, stains, markers)

• Fluorescence (electronic, X-ray) spectroscopy of organic 
molecules in condensed phases is NOT specific enoughmolecules in condensed phases is NOT specific enough

• Magnetic Resonance does NOT have required spatialMagnetic Resonance does NOT have required spatial 
resolution



Molecular Vibrations
areare

Molecular Fingerprints



The Raman Effect 

C.V. Raman
1928

The Inelastic Scattering of LightThe Inelastic Scattering of Light

Spontaneous 
Raman ScatteringRaman Scattering

Stokes AntiStokes

Molecular
Vibration

Raman Spectroscopy probes Molecular Vibrations 



Challenges with 
Raman MicroscopyRaman Microscopy

• The Raman effect is famously insensitive

• Any fluorescence background can completely overwhelm 
the Raman signalthe Raman signal

• Raman microscopy generally insensitive toRaman microscopy generally insensitive to 
crystallographic features: edges, cracks, grain boundaries



A New Tool:
Non-linear OpticsNon linear Optics

Apply an intense laser electric field to matter.
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Expand the material response in powers of the electric field E

linear 
response  

nonlinear 
response  

The linear response gives us things we know well.
f ti i d d h b ti ffi i trefractive index and the absorption coefficient

When E is small (weak laser field), E2 , E3 etc. are negligible

The nonlinear response brings many new opportunities.
Important (useful) when E gets large, as in an ultrashort laser pulse



2nd Order Nonlinearities 

• The incident optical field
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• Nonlinear polarization contains the following terms
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Two Photon Microscopy

• C f l i

Photomultiplier 
tube

• Confocal scanning 
microscope

• Femtosecond Ti:Sa

filter
condenser

oscillator 
sample

Detect Signals
objective

Detect Signals
2nd Harmonic (SHG)

2hv fluorescence (TPEF)

optical 
scanners Ti:Sa laser

SHG: Sensitive to cracks, grain boundaries etc.
TPEF: Sensitive to higher organics



3rd Order Nonlinearities

When the general form of the incident electric field is
tititi eEeEeEtE 321
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The third order polarization can have 22 components
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The third order polarization can have 22 components 
containing the following frequencies: 
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Coherent Anti-Stokes 
Raman Scatteringg

• A 3rd order non-linear optical version of Raman Spectroscopyp p py
• Optimally used with ultrashort laser pulses
• CARS signal is a coherent laser pulse, blue-shifted and spatially 
distinct from all other light sources.

kAnti-Stokes
2 Input Colours: Pump & Stokes

Anti-Stokes

hAnti-Stokes

Sample
~

Raman Shift
kStokes

kPump

Raman Shift

2x Pump – Stokes = AntiStokes



CARS Microscopy

• Non-linear Optical Microscopy � Enhanced 3D spatial resolutionNon-linear Optical Microscopy. � Enhanced 3D spatial resolution
• CARS Microscopy has chemical selectivity via Raman mode resolution
• CARS Microscopy is >104 times more sensitive than Raman microscopy

LABEL FREE. Vibrational contrast means fluorescent probes unnecessary.

MINIMAL DAMAGEMINIMAL DAMAGE. No linear absorption. Photobleaching is circumvented: 
no heating effects.

FLUORESCENCE FREE CARS signal is higher in frequency than one-photonFLUORESCENCE FREE. CARS  signal is higher in frequency than one-photon 
fluorescence, so it can be detected in the presence of a strong fluorescent 
background.

DEEPER PENETRATION. Reduced absorption, scattering of the near-infrared
excitation beams.



CARS Microscopy
Made SimpleMade Simple

Optics Express 17, 2984 (2009)



Multimodal Non-linear 
Microscopypy
Second Harmonic + 2-Photon 
Fluorescence + CARS

PMT
FWD SHG

400nm

PMT
FWDCARS

650nm

Femtosecond
Ti:Sa Laser

Sample Photonic 
Crystal Fiber

PUMP
800

Some Optics
800nm

STOKES
1060nm

In a Box

PMT
EPITPF

500nm
Pulse Shaping

Optics

1060nm



First
Commercially Available y

CARS Microscope

ReleasedReleased
October

2009



CARS User Facility

www.CARSLab.cawww.CARSLab.ca



Biomedical Applications 
of Multimodal CARSof Multimodal CARS

Atherosclerosis

Real Time Z-scan 
movie: 50m

Red is CARS 
(2845 cm-1)(2845 cm-1) 

(lipids droplets)

Bl i SHGBlue is SHG 
(collagen) 

G i i TPFGreen is epi TPF 
(elastin)



Geoscience Applications?pp
Fluid Inclusions? 

• Fluid inclusions provides information about the conditions 
existing during formation

• Host matrices can be amber, ice, 
quartz, calcite, feldspar, and many

vapour mineral 
quartz, calcite, feldspar, and many 
other “rock” materials.

• Formation occur at various• Formation occur at various 
conditions:
Temperature can be 102 - 103 C

Image: wikipedia

quartz fluid

Pressure can be > 104 atm



Yes we can.

First Application of 
CARS Microscopy

to Geosciences



Multimodal CARS 
Microscopy of Rockspy

Using CARS we demonstrate four “firsts” in Geology:

1. CARS allows for high-throughput screening of fluid distribution in 3D 
irrespective of fluorescence. 

2. CARS + TPEF confirm previously controversial presence of higher 
organic matter in deep-mantle samples 

3 CARS S t i f th i h d il i l i i3. CARS Spectro-microscopy of methane-rich crude oil inclusions in a 
highly-fluorescing environment

4 CARS + SHG correlates inclusion distribution and migration with4. CARS + SHG correlates inclusion distribution and migration with 
hidden crystallographic history of host mineral.



1. High Throughput 
3D screening of Shale Gas3D screening of Shale Gas
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1. High Throughput 
3D screening of Shale Gas3D screening of Shale Gas

Red: Methane imaged 
at 2905 cm-1

Green: Water imaged 
at 3080 cm-1

free-hand rotation
(78 x 78 x 44 m)

2-phase and 1-phase 
inclusions are seen in 
same FOV



2. Organic Matter 
co-localized with methane

Methane and higher hydrocarbons

10 m

FWMMethane and higher hydrocarbons
• Basaltic ocean crust (feldspar plagioclase)
• Source of the carbon is unknown!
• Fluorescence from higher hydrocarbons 

TPEF

CH

TPEF
FWM

is an important new observation CH4
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3. Micro-spectroscopy 
of crude oil in rock

C d il fl id i l iCrude oil fluid inclusions  
(hydrocarbons + CH4)
•Calcite grain in black shale fracture
•CARS detect crude oil & methane bubble shale

1.0

•Conventional Raman overwhelmed by  
large background fluorescence calcite

FAF-1Red: CARS (2850 cm-1)
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4. SHG
Grain BoundariesGrain Boundaries 
and Fluid History

Red: Methane imaged at 
12905 cm-1

Green: SHG (grain boundary)

free-hand rotation
(175 x 175 x 60 m)

A veil of methane-rich 
inclusions formed around a 

i b d i h lgrain boundary in shale



GeoCARS
SummarySummary

CARS+SHG+TPEF provides unique information on:CARS+SHG+TPEF provides unique information on:
shape, volume, distribution, composition, history

of fluid inclusions in the earth.

• The applications of multimodal CARS microscopy pp py
extend well beyond fluid inclusions: petroleum 
science, mineralogy, paleobiology, mining etc.

Geology questions?  Ask Bob Burruss!
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