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Abstract
We demonstrate imaging through nearly 100 mean free 
scattering paths into media using a low coherence, 
angle resolved interfometer.   The measured resolution 
and attenuation of the system is compared to a Monte 
Carlo model.

We have demonstrated the feasibility of tomographic imaging 
using low coherence interferometry for time-resolved 
measurement of multiply-scattered light.  By exploiting the 
time resolution and sensitivity of the approach, and the ability 
to employ photons propagating by multiple scattering, we 
have provided proof of concept tomographic imaging 
through nearly 100 scattering lengths, signi�cantly exceeding 
the ballistic imaging limit.
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 Schematic of the time domain MS/LCI system.  830 nm Ti:Saphire light is divided into sample (blue) and 
reference (red) arm paths. A pair of acousto-optic modulators (AOMs) frequency shift the sample and 
reference arms such that a 10MHz frequency o�set exists between them. Mirror M1 adjusts the illumi-
nation angle onto the sample, while lens L3 (f = 100 mm) adjusts the collection angle. A retro-re�ecting 
prism (RR) is used to perform depth scans, while B scans are performed by translating the entire sample 
enclosure. L1 (f = 35 mm) and L2 (f = 100 mm) form a 4f relay onto the center of L4 which can be trans-
lated to adjust the collection angle

Axial scan of a re�ector performed using MS/LCI through 20 mean free paths (below the ballistic im-
ageing limit) and 30 mean free paths (beyond the ballistic limit).

Figure 3
Tomographic images of a 3.3 mm wide test re�ector located 10 mm beneath the surface of 1 �m microsphere scattering media for 
increasing concentrations, corresponding to 20, 25, 30, 35, and 40 mfp. Contrast gradually decreases until at 40 mfp the object is 
obscured. The 20 and 30 mfp scans have axial and lateral pro�les shown through the center of the  re�ector,  highlighting the axial 
and lateral extent of the di�usely scattered signal.
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Figure 4
Tomographic images of a 3.3 mm wide test re�ector located 10 mm beneath the surface of 11 �m microsphere scattering media for 
increasing concentrations, corresponding to 50 mfp, 62 mfp, 83 mfp and 94 mfp. With increasing scattering the re�ector signal 
broadens out in both time and lateral position, resulting in progressively decreased resolution. However, even at 94 mfp photons 
that have interacted with the re�ector remain distinct from the di�use background signal. 

Sample of 1 �m and 11 �m  microspheres were prepared in steadily 
increasing concentrations.  Samples  were placed into a test 
chamber with a 3.3 mm gold re�ective target suspended 1 cm from 
the front of the chamber and then imaged with MS/LCI [Fig. 1].  The 
1 �m bead experiments were then simulated using a GPU based 
Monte Carlo model based on Mie theory as a scattering function 
and the precise system geometry.
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Results

Optical imaging methods can be divided into two categories.  In 
ballistic techniques such as optical coherence tomography and 
confocal microscopy, all detected photons are assumed to have 
encountered only the target.  In constrast, multiply scattered tech-
niques such as di�use optical tomography assume that photons 
are scattered many times before being detected.  Although ballis-
tic imaging provides the highest resolution, it cannot penetrate 
more than ~27 mean free scattering paths into a scattering 
medium.  Multiply scattered imaging can image much deeper, but 
has not seen widespread use due to di�culty interpreting highly 
scattered photons.  To address this, we have developed Multiply 
Scattered Low Coherence Interferometry (MS/LCI).
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Figure 6

Comparison of Monte Carlo (Blue), MS/LCI (red) and ballistic (black) images of a 3.3 mm re�ec-
tor through 20 mfp.  Excellent agreement between model and experiment con�rms the accu-
racy of the model.

Figure 7
200 femtosecond pulse propagating through the MS/LCI sample chamber with media at 
g=0.96 and 20 mfp.  a)  Pulse after approximately 5 mean free scattering paths.  b)  Pulse after 
approximately 11 mean free scattering paths showing the e�ect of the re�ector.  c)  Pulse after 
16 mean free paths showing the e�ects of forward scattering.

Figure 8
a) Plot of peak intensity verses number of mean free scattering paths traversed for 1µm Mie 
scatterers for all photons (red) and only single scattered photons (green).   Single scattered 
photons agree exactly with the theoretical value of -4.34 dB/mfp.  In contrast, the ballistic 
dominated region has a slightly lower attenuation, while the multiple scattering dominated 
region has a greatly lower attenuation due to forward scattered photons. b)  Comparison to 
the MS/LCI scattering measurements taken from 1µm and 11µm beads.  Attenuation is relative 
to 0 mfp intensity.   Monte Carlo Modeling
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Figure 5
Lateral and axial 90-10% resolution verses number of mean free scattering paths for 1µm Mie scatterers imaged directly with MS/LCI 
(red) or simulated using MC (blue).  In contrast to the lateral resolution which degrades only slowly, the axial resolution decreases 
steadily. We gratefully acknowledge the �nancial support of the US Air Force Research Laboratory under contract 

#FA8650-09-C-7932 and the National Institute of Health under grant R01CA138594.
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