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Wavefrorghapindgechniques

Optimization of a w a v angident degree of freedom (typically phase and/or amplitude) to
maximize a chosen objective after propagation (and scattering!)

Tristan Nerson

Iterative approaches

Focused beam
One-shot approaches

Cao, Mosk, Rotter. Nature Physics 18.9 (2022): 994-1007



e, Scatteringnatrixiinearityassumption

Plane waves example
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Scatteringnatrixlinearityassumption

Multimode waveguide

Multiport cavity with monomode waveguides
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Multimode fibre with disorder

m incident modes

m transmitted modes

no reflection

transmission coefficients ¢,

Cao, Mosk, Rotter. Nature Physics 18.9 (2022): 994-1007
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A Momenturtransfer

Argonne National Laboratory Elliot Scientific
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e, Radiation foraensitiesquadratiquantities

Electromagnetism Acoustics
A Under a certain set of approximations, A An analogue formula accounting for
from Lorentz force: momentum transfer in nonlinear acoustics
= 1 2 2 - 1 2 P
ferm = _Z(’E‘ Ve + |H| V”) foc = ~1 p1|" VKo + |vi| Vo
Anghinoni, Bruno, Mikko Partanen, and Nelson GC Astrath. The
European Physical Journal Plus 138.11 (2023): 1034. Karlsen, Jonas T., Per Augustsson, and Henrik Bruus. Physical
Review Letters 117.11 (2016): 114504

The cool stuff is that both equations have the same structure (in lossless media)

(Of course, the devil is in the details: obtaining the above equations is really non trivial)
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Precision therapy

Navigate microrobots through complex
pathways within deep tissues or organs

Manipulation microbubbles in mouse brain vasculature

L
o
A Fluorescent ‘
microrobots
A

Two-photon microscopy

-

Cranial
window

Microrobots

Fonseca and Ahmed. Advanced Drug Delivery Reviews 205 (2024): 115164

Ultrasound
transducers
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Horodynski, Michael, et al. Nature Photonics 14.3 (2020): 149-153.
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Maximizingcoustidorce on tbject
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Orazbayev, et al. Nature Physics 20.9 (2024): 1441-1447
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Spinning 07-Nov-2021 17:23:54

Angular velocity.

Rotating -0.32degls

clockwise

@ ruming

Orazbayev, et al. Nature Physics 20.9 (2024): 1441-1447
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Thexperlment 2D multimode waveguide
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Orazbayev, et al. Nature Physics 20.9 (2024): 1441-1447

Measure X, V;
(camera)

Measure S(x;, Vi t;)
(microphones)

Find optimal mode

mixture to push the

ball at position i+1
(computer)

Send this wavefront
and let the ball move
close enough to next
point
(speakers)
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1) Upon a virtual displacement 77h the
radiation force provides the work:
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Fronradiation forces to the GWS matrix

*a complete proof can be found here:
Nerson, Tristan, et al. Physical Review Research 8.2 (2026): 023254

2) If we have no loss, this work can be interpreted
from the ports. Under fixed harmonic excitation "I ,

it manifests as a scattering change in”I 1l
| components:® /OQ ATl -B10 B 07
We can show that*:
RS 13) R
Using the lossless assumption, we also find that:
01« Q S ar T(Q1n)

Thus 71 1 @ —"1 (\81n)1 For
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Quadratiprograms

We have a quadratic program: maXN (Qa> <«—— Wecanshowi tH&rmnitian
St eC

s.t. S:_S.'. — ] <«—— Input power normalization

This is the typical Rayleigh-quotient problem, which admits the solution:

max (Q,) = An(Q,)

S?I—pt T VN(Qa)

So we reduced a very complicated problem to a simple eigenvalue problem J
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e, (Small proafithLagrangenultiplier$

Q. = Q!

ﬁ(S—H /\) = ST{—QaS—I- o /\(Sirl—s-i— o 1)7

Wirtinger differentiation:

AeER

%
S+ and S_ treated as independent variables

Brandwood, David H. "A complex gradient operator and its application in adaptive array theory." IEE Proceedings F (Communications, Radar and Signal

Processing). Vol. 130. No. 1. IEE, 1983.

Stationary conditions:
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History and examples

Are quadratic programs only used for radiation
forces in wave physics?

Of course not!

21



tves,, Spatial Slepian functions

Theoretical concept: the most localized fields allowed by a spatial bandwidth limit

B Les Gustins

Min. wavelength ~ 2200 km

-

) A= 0.962

A= 0.921

“»

o~

u

: 2

= 0.385

2

A= 0332

A= 0.226

S

A= 0.187

A= 0124

100° 120° 140° 160°

.071
120° 140° 160° 100°

10

A= 0.049
0 120

140° 160

Simons, Dahlen, Wieczorek SIAM review 48.3 (2006): 504-536

2
g dQ)
llwm fa _g'Dg

a Hg‘lé a / gde N g'g
Q

g: vector of spherical-harmonic
coefficients that generates a spatial
function A limited in the number of
coefficents (361)

D: spatial overlap matrix between pairs of
band-limited spherical harmonics inside
Australia A constructive interference

Original Slepian problem: among signals
strictly band-limited in frequency, maximize

the fraction of energy contained within a
finite time interval

Slepian and Pollak. Bell System Technical Journal 40.1 (1961): 43-63
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Green function and quadratic forms

Can we maximize |ntenS|ty in a zone from sources in another?

E, = GJ,
A i A source index \
v, 4

/ “\ R J = ZCij
j
GJ => ¢E,
-

Piestun and Miller. JOSA A 17.5 (2000): 892-902

Integrated received field intensity ||GJ| |%/R — c'Mc
1937 =1

M;; = / E:(r) E;(r)dr
Vr
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Green function and quadratic forms

Can we maximize intensity in a zone from sources in another?

(b) (c)
9
w12
2
array of €
receiver 28
point. 16. s
R4
o
o
=0

[

10 20
Mode number j

Mode 1  12.09% Mode 2 11.66% Mode 3  11.66% Mode 4  11.24%

Mode 5 8.29% Mode 8 7.96%

Mode9 5.61% Mode 10 2.51% Mode 11 2.51% Mode 12 2.41%

Miller, David AB. Advances in Optics and Photonics 11.3 (2019): 679-825
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The French touch

Time reversal mirrors (or phase conjugation mirrors)

Emission

|
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Recorded impulse responses - Time
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Thomas Fromentéze i FDTD simulation
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Fink, et al. Proceedings., IEEE Ultrasonics Symposium,. IEEE, 1989
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¢ D®composition de | 6op®rateur de retour neme
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Prada and Fink. Wave motion 20.2 (1994): 151-163
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¢ D®composition de | O0op®rateur de retournemeft
LINEAR A h a1
ARRAY 1 B ; hi— - Prop. in B after TR from A: hlhp = ZG(I‘B,Xm)G*(I‘A,Xm)
: A — . m
han ~ (0  For well-separated

ponctual targets

hAm = G(I‘A,Xm)

T
ga = capa = cahye

With Born approximation:

T T
Lo o pa = hﬁe ry =cahshie  rp=cghphpe
Copper 0.1mm s T T
oEmm I':I‘A—l—I‘B:(CAhAhA—l—CBhBhB)e
. - \ )
Pulse-echo matrix: To = Keg IYC
. *
Time reversed: €1 = I'S =K 93 — r; = Ke;
* Tq. % ] T] * 2
Again: € =T = :[{_*e’i= = K*Keo Kh)y = cahah by + cghphphy = CAHhA” h

K'Khy ~ |cal?|[hal[*h}

freciprocal K = K — K* = K/ ; o Ay %
K'Khj, ~ [ ||| b,

So: €r = KTKGO

Eigenvectors
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e, - The French touch

¢ D®composition de | 6op®rateur de retour neme
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—137'"" P‘r‘usl...l"jnfbu of eigenvector 4‘

......... T ""‘“
—18mm Prassure field of eigenvector 2 18mm
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Prada and Fink. Wave motion 20.2 (1994): 151-163
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we, 0Opti cal Eigenmodes
Theoretical concept: coherent optical field whose controllable input coefficients form an
eigenvector of an operator representing a chosen optical observable or interaction.

Tristan Nerson

y/wo

-2 -1 0 | &
X/wy

Mazilu, Baumgartl, Kosmeier, Dholakia (2011). Optics express, 19(2), 933-945

Energy, intensity, spot size, momentum, é Blsamore complex operations!
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Acoustic P.E 2nd kind){SPL)

75

70

Acoustic P.E (1stkind){SPL) 75

85 0 05
x (m) x (m)

Choi and Yang-Hann Kim. JASA 111.4 (2002): 1695-1700

y(m)

04

0.2

x(m)

Equal input Contrast control

Anolderacousticontrasexample

Tessrnnnn

x(m)

Chang, et al. JASA 125.4 (2009): 2091-2097
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e, Examples of experiments: modern wavefront shaping

Tristan Ners

The major difference is that now, we use the scattering matrix formalism to fully account for
multiple scattering in highly inhomogeneous/turbid media

A The theory of quadratic problems has not changed
A The experiments are way more advanced

B Les Gustins
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Eigenstate #1

Examples of experiment

3 * Wavefront shaping
. = Corrected eigenvalues
~ 25 = —— Mean transmittance
L 7 e
< —— Point optimization
8 2™
5 Tlww
= -
E 15 o,
2 e,
i
= 14
05 .
0 ; . : :
0 200 400 600 800

Eigenchannel index

Kim, et al. Nature photonics 6.9 (2012): 581-585.

Direct image
(f) 1

Shaped

input Deposmon matrix

Bouchet, et al. Physical Review Letters 127.25 (2021): 253902

CCD image of intensity distribution

g

Arbitrary Pulse arrives temporally
input state scattered after propagation
t
_—— .
i —— — e
— —— = -
t t t t t t t
Principal Pulse arrives temporally
input mode unscattered after propagation

Carpenter, Eggleton, Schréder. Nature Photonics 9.11
(2015): 751-757

C Particle motion in a conventional (left) and an optimized (right) trap

Disordered waveguide

-500 -500
200 200
200 200
Bender, et al. Nature Physics 18.3 (2022): 309-315 -200 200 200 7200 ©
y, nm X, nm y, nm X, nm

BT t ai t @cienceAdvaacks 10.27 (2024): eadi7792

modern wavefront shaping

Tristan Ners
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A Multi-objective optimization: Héli_l(fl( ) fo (ZB), coos IR (.’L‘))
T

AARA sol ut i onPare® omimal If mone of thée pbjective functions can be
| mproved in value without degrading s ome
(Wikipedia)
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Paretmptimization

T Have a dirty messy bed full of my stuff This point cannot be
R reached becanse i+ would

reduire too much energy

Clean a bit both my
bed and the floor

Put all wmy stuff

Wessy bed, messy floor o the floor

x

>
My objective

Sleep on my clean bed in a messy roowm
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Morecomplerptimizationhow hard catrbe?

_—SS+

|

: Push

Y

%%%%%

‘\A‘Trap
e e

L V7 Constrain

T I |

1) An objective and constraints Al want
t wo desi

2) Wave degrees of freedom Al can contr ol
waves. O

3) An optimization scheme Al dondt know.

Nerson, Tristan, et al. Physical Review Research 8.2 (2026): 023254
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L e tryavighrandonwavefronts

Random input 1

Objective / Realized

@® Current input

—10 0 10 20

Force projection left obj. (a.u.) [llFlech = 2.85 (a.u.)
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L e tryavighrandonwavefronts

Random input 1 Objective / Realized
15F
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o
b FEswE|
10
S EEEEY
= _15F ™
@ Current input
—20 & ‘ : ' ’
~10 0 10 20
Force projection left obj. (a.u.) (P | = 285 () [Frigae| = 173 (a-u,) |
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Random input 99

Previous inputs

Current input
i i H

Objective / Realized
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[|Foigne || = 1.44 (au)}
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Random input 100
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i i H
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Pareto extreme 1

Previous inputs
‘ Pareto extreme
i

Andhowoptimizeavavefronts

Objective / Realized

"

-»
~

*aN

—10 0 10 20

Force projection left obj. (a.u.)

[||Fleﬁ|| = 48.14 (a..)

| Frignt|| = 28.45 (a.u.)]

IS
I

Tristan Nerson



e, Andhowoptimizeavavefronts

B Les Gustins

Force projection right obj. (a.u.)
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Pareto extreme 2

Previous inputs
‘ Pareto extreme

H

Objective / Realized

—10 0 lb 20
Force projection left obj. (a.u.)

[”Fleftll = 20.64 (a.u.)

| Feigne|| = 29.78 (a.u.)]
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Equal force projection point Objective / Realized
o = T.e
s EEEvg ~ -
- .

s 107 EExey - - - 7B RN
S - . 1

. - - -
% 5L = ® ‘:I
= EEELF ~ .‘. )0 —
p s ’
D ol fEEEs] .= NV, Jirsss
5 1 \ _ » 4:
g =9 —] '
2,
o
= (EEEE] TR RN
& _10F
S EEas] LEEEE
2 _15}¢ o EEEEy ——

Previous inputs . -
b 4 Equal force projection point -
20k = - =
—10 0 10 20
Force projection left obj. (a.u.) [||F1eft|| =2638 (aw)  [[Frigne]| =20.90 (a-u-)]
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Paretmptimization

How do we find the optima ?
Because Monte-Carlo does not work!

IS
b}
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