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Context: wavefront-shaping in complex systems 
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Objective

Similar problems

Mosk et al., Nature Photon. (2012)

dwell-time, absorption, energy in embedded target, 

information, remission, etc
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Delivering energy in deep targets Part I

Naive picture

Focusing outside
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Delivering energy in deep targets Part I

Naive picture
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Delivering energy in deep targets Part I

Naive picture

DiffusionFocusing outside Focusing inside
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Delivering energy in deep targets 

Deposition matrix

Part I
CCD image
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Bender, Yamilov, Goetschy, Yilmaz, Hsu, Cao, Nature Phys. (2022)



Delivering energy in deep targets 

Deposition matrix

Eigenvalue distribution
at different depths

Part I
CCD image
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Bimodal at the output
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Delivering energy in deep targets 

Maximum energy 
enhancement

Z ⇠ M2 x M1 Gaussian random matrixIndep speckle grains  
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Delivering energy in deep targets 

Maximum energy 
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Delivering energy in deep targets Part I

In experimental
conditions
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These vectors are the eigenvectors of Z†

Z; each is sorted by its cor-
responding eigenvalue, from high to low, and labelled by index α. We 
sequentially shape the incident wavefront into each of the eigenvec-
tors, thereby exciting one eigenchannel at a time, and we record the 
2D intensity distribution over the entire disordered waveguide. The 
cross-section-integrated intensity I(D)

α

(z) depicts the depth profile 

of every eigenchannel. We repeat this measurement for 13 disorder 
realizations—generated at multiple wavelengths and with different 
hole configurations—and ensemble average the spatial profiles of the 
eigenchannels with the same index α (Supplementary Section 3.4).  
When the average energy density—within the target region—of 
a measured eigenchannel surpasses that of a random input (with 
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Fig. 3 | Experimental measurement of deposition eigenchannels. a, A composite scanning electron microscopy image of a disordered waveguide with 
width W!=!15!μm. Randomly distributed air holes (each with a diameter of 100!nm) are etched throughout a designated 50-μm-long region. The four target 
regions used for energy deposition are superimposed; each is 10!μm!×!10!μm. b,c, Depth profiles (cross-section-integrated intensities) of two deposition 
eigenchannels with enhanced and suppressed energies in target region R1 centred at depth zD!=!10!μm (b) and R2 at zD!=!20!μm (c). The experimentally 
obtained data for the cross-section-integrated intensity (red circle and purple diamond) agrees with the numerical simulations (red solid line and purple 
dotted line), and the normalized root-mean-square difference values between the measured and simulated eigenchannels are as follows: 0.10 for α!=!1 
and 0.13 for α!=!29 (b); 0.08 for α!=!1 and 0.09 for α!=!25 (c). The black dashed line is the intensity profile averaged over random input wavefronts. 
Each experimental data point is averaged over Δz!=!ℓ, and the error bar corresponds to ±one standard deviation. d,e, Experimentally measured energy 
enhancement in the target region ηt (blue circles) and surrounding area ηs (brown diamonds) of two deposition eigenchannels α!=!2 (d) and α!=!24 (e) are 
compared with the numerical data (light-blue and orange lines; denoted as ‘sim’) for the case of energy deposition into the four target regions centred at 
10, 20, 30 and 40!μm. The theoretically predicted maximum energy enhancement, including loss and incomplete channel control (green dashed line in d), 
agrees with the experimental (exp)/numerical results, confirming the essential contribution of long-range intensity correlations to energy deposition.
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Accessing in-depth informationPart II
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Accessing in-depth informationPart II

Eigenvalue distribution 
at different distances d

Example 

at d ' 10 `, h⇢i = 1% but ⇢max = 10% (1)
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Accessing in-depth informationPart II

Eigenvalue distribution 
at different distances d

Maximum remission 
enhancement
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Consequence: higher sensitivityPart II

Sensitivity map for the presence of a small absorber

Standard DOT Remission eigenchannel
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Conclusions

Deposition matrix

•

• Crucial role of long-range non-Gaussian correlations

Remission matrix

• Enhanced remission and sensitivity

• Applications: DOT, fNIRS

What next? Pulse excitation and time-gated matrix 

Bender, Goetschy, Yilmaz, Hsu, Palacios, Yamilov, Cao, PNAS (2022)
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Addendum



Long-range correlations and energy enhancement 

Closed geometry
(negligible transverse 

spreading) 

Open geometry
(transverse spreading) 

g
(C2=2/3g)

2D

3D

M2 > g
Umax

hUi ⇠ M1

g



RMT model for the deposition matrix

Closed geometry

Eigenvalue distribution ~ bimodal

Open geometry

Filter the matrix with projectors:

���������	�
���
��
t1,1 t1,2 t1,3 t1,4 t1,5 t1,6 t1,7 t1,8 t1,9 t1,10
t2,1 t2,2 t2,3 t2,4 t2,5 t2,6 t2,7 t2,8 t2,9 t2,10
t3,1 t3,2 t3,3 t3,4 t3,5 t3,6 t3,7 t3,8 t3,9 t3,10
t4,1 t4,2 t4,3 t4,4 t4,5 t4,6 t4,7 t4,8 t4,9 t4,10
t5,1 t5,2 t5,3 t5,4 t5,5 t5,6 t5,7 t5,8 t5,9 t5,10
t6,1 t6,2 t6,3 t6,4 t6,5 t6,6 t6,7 t6,8 t6,9 t6,10
t7,1 t7,2 t7,3 t7,4 t7,5 t7,6 t7,7 t7,8 t7,9 t7,10
t8,1 t8,2 t8,3 t8,4 t8,5 t8,6 t8,7 t8,8 t8,9 t8,10
t9,1 t9,2 t9,3 t9,4 t9,5 t9,6 t9,7 t9,8 t9,9 t9,10
t10,1 t10,2 t10,3 t10,4 t10,5 t10,6 t10,7 t10,8 t10,9 t10,10

t =

Free probability

fraction of controlled channels

DOS
Input beam

Long-range correlations
Simple case (mout =1) 

min =
Tr

⇥
(t̃†t̃)2

⇤

Tr [(t†t)2]

Incomplete channel control

RMT + Feynman diagrams


