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Light interaction with tissue 

Kate Bechtel • MedTech Frontiers • 03.05.2009  Triple Ring Technolgies 



Light interaction with tissue, and the “window” 



Scattering is a major effect in tissue 

A. Bashkatov et al. J. Phys. D: Appl. Phys.38:2543–2555 
(2005) 

Optical penetration depth for human skin  Effective penetration depth in breast tissue  



Sensing, if not “seeing” 

http://upload.wikimedia.org/wikipedia/commons/a/a1/Hemoglobin
_extinction.png 

images: www.somanetics.com 
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Laser confocal microscopy 

http://www.cnblogs.com/hupanhust/archive/2013/06/05/acf4d8bcb2c04cebe2476c
4f12fec1f0.html 



Time-Domain (TD) Optical coherence tomography (OCT) 

http://arthritis-research.com/content/7/2/R318/figure/F1?highres=y 

Axial resolution 

Examples: 100 nm BW, 
3 um at 800 nm 

7.4 um at 1300 nm 



Fourier Domain (FD) OCT – no moving delay mirror 



OCT wavelengths and sources – TD and FD 

• 800-nm region 
– Mode-locked Ti:sapphire 
– Mode-locked Cr:LiSAF 
– SLEDs, SOAs 
– Filtered supercontinuum 

• 1060-nm region 
– Mode-locked Nd lasers 
– Yb:fiber ASE 
– SLEDs, SOAs 
– Filtered supercontinuum 

• 1300-nm region 
– Mode-locked Cr:forsterite 
– SLEDs, SOAs 
– Filtered supercontinuum 

 

 



Photonic crystal fiber and microchip laser enable 
low-cost supercontinuum source for TD and FD OCT 

The supercontinuum source shown 
is built from a NL-1040 PCF pumped 
by a nanosecond 1064 nm 
microchip laser. 

http://www.crystal-fibre.com/support/Supercontinuum%20-%20General.pdf 

microchip laser 



Swept-Source (SS) - OCT 



Not just that the mirror is gone…. 



One way to make a swept-frequency source 

200 kHz sweep rate over a 140 nm range  LF World Aug 2012: Swept fiber laser uses 
dispersion tuning to target OCT imaging 

Chirped 
FBG 



Another way (FDML) to make a swept-frequency source 



VCELS the best (?) solution 

http://praevium.com/technology   with Thorlabs support and sales 

>150 nm span, 500-kHz sweep rate around 1300 nm 
Also, 100-nm span around 1050 nm 



VCELS with 100-ns tuning speeds based on 
high-contract gratings (HCG) 

Nano electro-mechanical optoelectronic tunable 
VCSEL 

Michael C.Y. Huang, Ye Zhou, and Connie J. Chang-Hasnain 
5 February 2007 / Vol. 15, No. 3 / OPTICS EXPRESS 1222 
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Strong spatial localization and depth penetration 
of two-photon fluorescence 

W.R. Zipfel, R.M. Williams and W.W. Webb, Nature Biotechnology, 21, 1369 (2003)  



Multi-photon microscopy (MFM) 



1700-nm-driven, 3-photon fluorescence 

N. G. Horton, K. Wang, and D. Kobat, C. Clark, 
F. Wise, C. Schaffer, and C. Xu 

“In vivo three-photon microscopy of subcortical 
structures of an intact mouse brain”, Nature 

Photonics, 7, 205–209, 2013  



Sources for MPM 

• Commercial mode-locked Ti:sapphire lasers is the “Gold Standard” 
– Typically 80 MHz, 70-140-fs 
– Tuning 690-1040 nm for high-end systems 
– 2-3 W output power 
– Integrated green pump laser (competition is driving price down) 
– Blue-green diodes not likely pumps for multi-W systems 

• Optical parametric oscillators pumped by Ti:sapphire 
– Extend coverage out to the limit of water transmission (about 1500 nm) 

• Mode-locked rare-earth doped lasers 
– Yb:fiber in 1050-nm region (limited tuning) 
– Er:fiber + SHG for 780-nm region (limited tuning) 

• Mode-locked Cr:forsterite lasers 
– Direct laser operation in 1350-nm region, for deep penetration 

• Mode-locked fiber lasers + nonlinear fiber shifters + SHG 
• Future? 

 



Multi-wavelength all-fiber source 



Ytterbium-doped crystals as fs sources for MPM 

A simple structure 
•No undesired effects 

 
Small quantum defect 

•Low thermal load 
 
Diode pumping around 980 nm 
(10-W, 100-um fiber for $500) 
 
Wide emission spectrum 

•  < 100 fs pulses possible 
 

Scalable to high energies (unlike 
fibers..) 
 
Good in combination with nonlinear 
optics (crystals, fibers) to cover 
700-2000 nm 

 

Yb3+ 

2F5/2 

2F7/2 

2F5/2 

2F7/2 

Crystal 
field 

N2 

N1 

980 nm 1.05 μm 



Yb-doped laser media for near-IR lasing 

Material Δt (fs) λcentral (nm) σemission (x10-20 cm2) τ fluo (ms) K (W/m/K) 

Yb:CALGO 47 1050 0.75 0.42 6.3-6.9 

Yb:phosphate 
glass 

58 1080 0.05 1.3 0.85 

Yb:YVO4 61 (KLM) 1050 0.14 0.3 5.2-5.11 

Yb:BOYS 69 1062 0.3 1.1 1.8 

Yb:SYS 70 1070 0.44 0.44 1.6-2.8 

Yb:KYW 71 (KLM) 1025 3 0.6 3.3 

Yb:GdCOB 89 1045 0.35 2.6 2.1 

Yb:KGW 100 1037 2.8 0.35 3.3 

Yb:CaF2 150 1047 0.25 2.4 9.4 
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Motivation for breath analysis  

• “To date, researchers have identified over 1000 different compounds contained in 
human breath. These molecules have both endogenous and exogenous origins and 
provide information about physiological processes occurring in the body as well as 
environment-related  ingestion or absorption of contaminants. While the presence 
and concentration of many of these molecules are poorly understood, many 
“biomarker” molecules have been correlated to specific diseases and metabolic 
processes. Such correlations can result in noninvasive methods of health screening 
for a wide variety of medical conditions.” [1] 

• Examples of markers: 
– Acetone (diabetes) 
– Nitric oxide (airway inflammation, asthma) 
– Hydrogen sulfide (periodontal disease) 
– Isoprene (cardiovascular disease) 
– Methylamine (liver and renal diseases) 
– Ammonia (renal failure) 
– Ethane (cancer) 

• Problem for conventional diode spectroscopy (interband diodes, QCLs) 
– Find a needle in a damp haystack 

[1] Cavity-enhanced optical frequency comb spectroscopy: application to human breath analysis 
M. J. Thorpe, D. Balslev-Clausen, M. S. Kirchner, and Jun Ye 
18 February 2008 / Vol. 16, No. 4 / OPTICS EXPRESS 2387 



Frequency comb/enhancement cavity system 
 1500-1700 nm 

Cavity-enhanced optical frequency comb spectroscopy: 
application to human breath analysis 

M. J. Thorpe, D. Balslev-Clausen, M. S. Kirchner, and Jun Ye 
18 February 2008 / Vol. 16, No. 4 / OPTICS EXPRESS 2387 

NIST needs a  
graphics budget! 



Extremely high sensitivity of system 

We are currently working on frequency comb 
technology to extend its operations to the 3- 5 μm 
spectral region that promises to increase the 
detection sensitivity for biomarkers by a factor 
of 10 to 103 compared to our current system. 
Systems operating in the 3-5 μm region will also 
allow for the detection of important biomarkers 
such as nitric oxide (NO) and carbonyl sulfide 
(OCS) that cannot be detected in trace quantities 
at 1.5-1.7 μm. 



Mid-IR frequency combs: 1 



Mid-IR frequency combs: 2 

Pin = 130 mW 
Pcoupled = 55 mW 
PSG = 30 mW  

Pin = 50 mW 
PSG = 12 mW  

Supercontinuum generation with 
femtosecond Cr:ZnSe Lasers 

E. Slobodtchikov and P.F. Moulton 
UFO 2013, Davos 
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Femtosecond-pulse micro-surgery 

• The same “cold” ablation process used for precision micro-
machining has been investigated for surgical procedures 

• Damage to surrounding tissues is minimized, with um-level 
control 

• Commercial femtosecond systems are available and approved for 
a variety of ophthalmic procedures 

– cutting the corneal “flap” for LASIK corneal surgery (IntraLasik) with 
at least 4 companies approved in the US 

– cataract surgery, at least 5 companies have US approved products 
– corneal surgery for grafting 
– expense and efficacy compared to knives an unresolved question 
– This is a big business for femtosecond lasers, now and future 

• What can be done that a knife cannot do? 
– Precision, no-kerf preparation of tissue for analysis 
– um-level cellular surgery 
– Systems combine OCT, MPM and femtosecond surgery 



Human-hair microsurgery 

www.rowiack.de 



Bausch + Lomb Technolas VICTUS includes OCT 

The VICTUS platform has CE 
Marking for capsulotomy, lens 
fragmentation, arcuate corneal 
incisions, corneal incisions, LASIK 
flap, INTRACOR®, penetrating 
keratoplasty and intrastromal 
channel incisions for intracorneal 
ring segments. Indications may vary 
by country. The VICTUS platform is 
cleared in the United States for 
creation of a corneal flap in patients 
undergoing LASIK surgery or other 
treatment requiring initial lamellar 
resection of the cornea, anterior 
capsulotomy during cataract 
surgery, and arcuate incisions 
during cataract surgery. 

Laser Type: Diode-pumped solid state laser 
Wavelength: 1028 nm 
Pulse Frequency: 40, 80, or 160 kHz depending on procedure 
Pulse Duration: 400–550 fs 



Ti:sapphire (?) femtosecond products from Rowiak 
(spin-off from LZH, Germany) 

Overview 
The CellSurgeon is a laser based nanodissection 
system, designed for gentle and contact-free 
manipulation of cells and cell structures. It can be 
used to change cell dynamics, to deactivate cell 
organelles or to enable cell transfection.  
 
Advantages at a glance 
contact-free nanodissection of cells and cell 
structures  
gentle manipulation of living cells, without loss of 
vitality  
high precision and reproducibility  
adaptable to different microscopes and imaging 
procedures  
customised configuration  
software features for analysis, image processing 
and automated procedures based on MPM  
 

Laser: high end NIR fs-laser; single wavelength or tunable 



Cell surgery example (from Rowiak site)  



Sources for cellular-level surgery  

• Single-wavelength sources can be 
– DPSSLs (Yb-doped crystals, ML osc and amp) 
– Fiber lasers (Yb:fibers and CPA) 

 
 

• Multi-purpose (OCT and or MPM as well as surgery) 
– Ti:sapphire (add OPOs for deep level?) 
– DPPSLs with nonlinear OPGs for wavelength agility 
– Fiber lasers with (?) external nonlinear optics for wavelength agility 

 



Conclusion 

• Diagnostics 
– OCT provides impressive, microscopic-level investigations of tissue 

structures, has moved into the realm of real-time imaging 
– MPM allows precision, microscopic probing of fluorescence at the 

cellular level 
– Breath analysis may provided a unique diagnostic, but has challenges 

to overcome 
• Treatment 

– The search continues for a replacement for the knife, and cellular-level 
surgery may be it 

 
• Lasers for the applications 

– Likely to be solid state (bulk or fiber) 
– Ti:sapphire -> if costs can come down 
– DPSSLs and nonlinear optics for high energies 
– Fibers and nonlinear optics for low energies 
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