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Imaging in Scattering or Turbid Media

Overview: Adaptive optics was first utilized to correct for aberrations that are introduced when imaging
through atmospheric turbulence. In monochromatic imaging systems or laser communication systems
wavefront correction is most easily accomplished by adding a liquid crystal spatial light modulator to the
imaging system. By applying an equal and opposite phase to the SLM it is possible to restore diffraction
limited images. In recent years, much of the research on atmospheric turbulence correction is translating
to biology, where biological systems introduce scattering and turbidity. For example, SLMs can be used in
STED microscopes for deep tissue imaging. In order to maintain the structure of the excitation and
depletion sources, the aberrations that the sources will encounter when passing through the sample must
be pre-corrected for. Similarly SLMs used in multi-photon imaging systems are used to pre-correct for
scattering and aberrations the illumination will encounter when exciting deep tissue targets.

Focus

Speckle field

Scattering medium Scattering medium

> ; Shaped wave
Plane wave

No SLM With a SLM

Figure 1 Hemplhill, A. S., Tay, J. W., & Wang, L. V. (2016). Hybridized wavefront shaping for high-speed, high-efficiency
focusing through dynamic diffusive media. Journal of biomedical optics, 21(12), 121502.

Critical requirements: For this market the SLM must offer high resolution, phase stability, and high
speed switching. The SLM resolution determines the ability to correct for complex aberrations. High phase
stability ensures temporally stable excitation which is important when imaging in scattering media with
significant losses. High speed SLMs allow for real time adaptive optics.

Recommended References:

1. Valzania, L., & Gigan, S. (2023). Online learning of the transmission matrix of dynamic scattering
media. Optica, 10(6), 708-716.

2. Devaud, L., Rauer, B., Kihmayer, M., Melchard, J., Mounaix, M., Rotter, S., & Gigan, S. (2022).
Temporal light control in complex media through the singular-value decomposition of the time-
gated transmission matrix. Physical Review A, 105(5), L051501.

3. Luo, ), Liu, Y., Wu, D., Xu, X., Shao, L., Feng, Y., ... & Li, Z. (2022). High-speed single-exposure
time-reversed ultrasonically encoded optical focusing against dynamic scattering. Science
Advances, 8(50), eadd9158.

4. Sohmen, M., May, M. A., Barré, N., Ritsch-Marte, M., & Jesacher, A. (2022). Sensorless
wavefront correction in two-photon microscopy across different turbidity scales. Frontiers in
Physics, 10, 884053.

5. Allende Motz, A. M., Czerski, J., Adams, D. E., Durfee, C., Bartels, R., Field, J., ... & Squier, J.
(2020). Two-dimensional random access multiphoton spatial frequency modulated
imaging. Optics Express, 28(1), 405-424.
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Hofer, M., Shivkumar, S., El Waly, B., & Brasselet, S. (2020). Coherent anti-Stokes Raman
scattering through thick biological tissues by single-wavefront shaping. Physical Review

Applied, 14(2), 024019.

Inzunza-lbarra, M. A., Premillieu, E., Griinsteidl, C., Piestun, R., & Murray, T. W. (2020). Sub-
acoustic resolution optical focusing through scattering using photoacoustic fluctuation guided
wavefront shaping. Optics Express, 28(7), 9823-9832.

Pozzi, P., Gandolfi, D., Porro, C. A,, Bigiani, A., & Mapelli, J. (2020). Scattering compensation for
deep brain microscopy: The long road to get proper images. Frontiers in Physics, 8.
Thendiyammal, A., Osnabrugge, G., Knop, T., & Vellekoop, |. M. (2020). Model-based wavefront
shaping microscopy. Optics letters, 45(18), 5101-5104.

Vishniakou, I., & Seelig, J. D. (2020). Differentiable model-based adaptive optics with
transmitted and reflected light. Optics Express, 28(18), 26436-26446.

Boniface, A., Gusachenko, I., Dholakia, K., & Gigan, S. (2019). Rapid broadband characterization
of scattering medium using hyperspectral imaging. Optica, 6(3), 274-279.

Escobet-Montalban, A., Wijesinghe, P., Chen, M., & Dholakia, K. (2019, February). Wide-field
multiphoton imaging with TRAFIX. In Multiphoton microscopy in the biomedical sciences

XIX (Vol. 10882, pp. 169-176). SPIE.

Hofer, M., & Brasselet, S. (2019). Manipulating the transmission matrix of scattering media for
nonlinear imaging beyond the memory effect. Optics letters, 44(9), 2137-2140.

Premillieu, E., & Piestun, R. (2020). Measuring the transmission matrix of a scattering medium
using epi-fluorescence light. Optics Communications, 462, 125207.

Jakl, P., Siler, M., Jezek, J., Tragardh, J., Zemanek, P., & Cizmar, T. (2019, February). Multimode
fiber transmission matrix obtained with internal references. In Adaptive Optics and Wavefront
Control for Biological Systems V (Vol. 10886, pp. 61-66). SPIE.

Vesga, A. G., Hofer, M., Balla, N. K., De Aguiar, H. B., Guillon, M., & Brasselet, S. (2019). Focusing
large spectral bandwidths through scattering media. Optics express, 27(20), 28384-28394.
Zhang, Y., Wu, C., Song, Y., Si, K., Zheng, Y., Hu, L., ... & Gong, W. (2019). Machine learning based
adaptive optics for doughnut-shaped beam. Optics Express, 27(12), 16871-16881.

Zhao, M., Wang, H., & Tian, Z. (2019). Wavefront-shaping-based pattern regeneration through
the scattering medium. JOSA A, 36(9), 1483-1487.

Duan, D.Y., & Xia, Y. J. (2018). Computational ghost imaging with nonlocal quantum
correlations. arXiv preprint arXiv:1801.10045.

Knarr, S. H., Lum, D. J., Schneeloch, J., & Howell, J. C. (2018). Compressive direct imaging of a
billion-dimensional optical phase space. Physical Review A, 98(2), 023854.

Duan, D.Y., & Xia, Y. J. (2018). Computational ghost imaging with nonlocal quantum
correlations. arXiv preprint arXiv:1801.10045.

Fleming, A., Conti, C., & Di Falco, A. (2019, July). Nonlinear transmission matrices of random
optical media. In Nonlinear Optics (pp. NW3B-3). Optica Publishing Group.

Schneider, J., & Aegerter, C. M. (2018). Dynamic light sheet generation and fluorescence imaging
behind turbid media. Journal of the European Optical Society-Rapid Publications, 14(1), 7.
Tzang, O., Caravaca-Aguirre, A. M., Wagner, K., & Piestun, R. (2018, May). Adaptive Wave-front
shaping in Linear and Nonlinear Complex Media. In CLEO: QELS_Fundamental Science (pp. FF3H-
5). Optica Publishing Group.

Yin, X. L., Xia, Y. J., & Duan, D. Y. (2018). Theoretical and experimental study of the color of ghost
imaging. Optics Express, 26(15), 18944-18949.
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Zhuang, B., Xu, C., Geng, Y., Zhao, G., Chen, H., He, Z., & Ren, L. (2018). An early study on
imaging 3D objects hidden behind highly scattering media: a round-trip optical transmission
matrix method. Applied Sciences, 8(7), 1036.

Zhuang, B., Xu, C.,, Geng, Y., Zhao, G., Chen, H., & Ren, L. (2018, November). Imaging through
highly scattering media based on optical transmission matrix. In Tenth International Conference
on Information Optics and Photonics (Vol. 10964, pp. 475-478). SPIE.

Zhuang, B., Xu, C.,, Geng, Y., Zhao, G., Chen, H., He, Z., ... & Ren, L. (2018). Round-trip imaging
through scattering media based on optical transmission matrix. Chinese Optics Letters, 16(4),
041102.

Burgi, K. W., Marciniak, M. A., Nauyoks, S. E., & Oxley, M. E. (2017, August). Exploiting
redundant phase information of a reflection matrix. In Optical Trapping and Optical
Micromanipulation XIV (Vol. 10347, pp. 40-49). SPIE.

Burgi, K., Marciniak, M., Oxley, M., & Nauyoks, S. (2017). Measuring the reflection matrix of a
rough surface. Applied Sciences, 7(6), 568.

Liu, Y., Ma, C., Shen, Y., Shi, J., & Wang, L. V. (2017). Focusing light inside dynamic scattering
media with millisecond digital optical phase conjugation. Optica, 4(2), 280-288.

Turtaev, S., Leite, I. T., Mitchell, K. J., Padgett, M. J., Phillips, D. B., & Cizmar, T. (2017).
Comparison of nematic liquid-crystal and DMD based spatial light modulation in complex
photonics. Optics express, 25(24), 29874-29884.

Zhuang, B., Xu, C.,, Geng, Y., Zhao, G., Zhou, L., He, Z., & Ren, L. (2017, June). Imaging through a
scattering medium based on spatial transmission matrix. In European Conference on Biomedical
Optics (p. 104160D). Optica Publishing Group.

Burgi, K. W., Marciniak, M. A., Nauyoks, S. E., & Oxley, M. E. (2016, September). Matrix methods
for reflective inverse diffusion. In Reflection, Scattering, and Diffraction from Surfaces V (Vol.
9961, pp. 179-191). SPIE.

Burgi, K., Ullom, J., Marciniak, M., & Oxley, M. (2016). Reflective inverse diffusion. Applied
Sciences, 6(12), 370.

Hemphill, A. S., & Wang, L. V. (2016, March). Hybrid iterative wavefront shaping for high-speed
focusing through scattering media. In Adaptive Optics and Wavefront Control for Biological
Systems Il (Vol. 9717, pp. 86-92). SPIE..

Hemphill, A. S., Tay, J. W., & Wang, L. V. (2016). Hybridized wavefront shaping for high-speed,
high-efficiency focusing through dynamic diffusive media. Journal of biomedical optics, 21(12),
121502-121502.

Ringuette, D., Sigal, I., Gad, R., & Levi, O. (2014). Reducing misfocus-related motion artefacts in
laser speckle contrast imaging. Biomedical optics express, 6(1), 266-276.
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Volumetric Imaging

Overview: In order to understand biological functions at a system level it is necessary to image
interconnectivity of processes in real time. This is particularly relevant in neuroscience, where the BRAIN
initiative is funding research to understand how the brain functions, and how that function is altered by
disease. This requires imaging with single cell resolution within a volume as large as possible. There are
multiple approaches to volumetric imaging. Light sheet microscopy enables low intensity illumination
across a plane of the sample such that large field of view imaging with minimized optical heating is
achieved. Similarly scanning a Bessel beam throughout a volume enables compression of a volume of
activity into a single plane for deep tissue large field-of-view high-speed imaging.

Bessel module

Gaussian

Gaussian Relative O
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Figure 2. Lu, R., Sun, W., Liang, Y., Kerlin, A., Bierfeld, J., Seelig, J. D., ... & Koyama, M. (2017). Video-rate volumetric
functional imaging of the brain at synaptic resolution. Nature neuroscience, 20(4), 620

Critical requirements: For this market the SLM must offer high resolution, and high speed switching.
The SLM resolution allows the axial intensity of the illumination to be tuned to compensate for losses
when imaging through highly scattering tissue. The switching speed of the SLM determines the rate at
which the illumination can be scanned axially to extend the volume of imaging.

Recommended References:

1. Senftleben, M. L., Bajor, A., Hirata, E., Abrahamsson, S., & Brismar, H. (2024). Fast volumetric
multifocus structured illumination microscopy of subcellular dynamics in living cells. Biomedical
Optics Express, 15(4), 2281-2292.

2. Shi, Y., Daugird, T. A., & Legant, W. R. (2022). A quantitative analysis of various patterns applied
in lattice light sheet microscopy. Nature communications, 13(1), 4607.

3. Chen, W., Natan, R. G., Yang, Y., Chou, S. W., Zhang, Q., Isacoff, E. Y., & Ji, N. (2021). In vivo
volumetric imaging of calcium and glutamate activity at synapses with high spatiotemporal
resolution. Nature communications, 12(1), 6630.

4. Upadhya, A, Zheng, Y., Li, L., & Lee, W. M. (2019). Structured Back focal plane interferometry
(SBfpi). Scientific Reports, 9(1), 1-10.

5. Han, S, Yang, W., & Yuste, R. (2018). Dual-color volumetric imaging of neural activity of cortical
columns. bioRxiv, 504233.
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Meng, G., Liang, Y., Sarsfield, S., Jiang, W. C., Lu, R., Dudman, J. T., ... & Ji, N. (2019). High-
throughput synapse-resolving two-photon fluorescence microendoscopy for deep-brain
volumetric imaging in vivo. elLife, 8, e40805.

Poland, S. P, Chan, G. K., Levitt, J. A,, Krstaji¢, N., Erdogan, A. T., Henderson, R. K., ... & Ameer-
Beg, S. M. (2018). Multifocal multiphoton volumetric imaging approach for high-speed time-
resolved Forster resonance energy transfer imaging in vivo. Optics Letters, 43(24), 6057-6060.
Schneider, J., & Aegerter, C. M. (2018). Dynamic light sheet generation and fluorescence imaging
behind turbid media. Journal of the European Optical Society-Rapid Publications, 14(1), 7.
Wilding, D., Pozzi, P., Soloviev, O., Vdovin, G., Fiolka, R., & Verhaegen, M. (2018, February).
Hybrid adaptive and computational light-sheet fluorescence microscopy. In Adaptive Optics and
Wavefront Control for Biological Systems IV (Vol. 10502, p. 1050212). International Society for
Optics and Photonics.

Lu, R., Sun, W, Liang, Y., Kerlin, A., Bierfeld, J., Seelig, J. D., ... & Koyama, M. (2017). Video-rate
volumetric functional imaging of the brain at synaptic resolution. Nature neuroscience, 20(4),
620.
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Optogenetics

Overview: Despite extensive research, brain function and neurological diseases are poorly understood.
Complexities arise from the quantity of neurons in the brain and from the densely interconnected
networks of intermixed cell types. There is a need for methods that noninvasively probe the underlying
micro-circuitry in the brain with single-cell resolution.

Over the last decade, calcium imaging and photoactivation have emerged as solutions to this problem,
providing all-optical means to monitor and manipulate circuit activity. Calcium imaging uses calcium
indicators that bind with calcium to alter the fluorescence characteristics of neurons. When a neuron fires,
there is an uptake of calcium into the cell body. If the firing neuron is illuminated with an excitation source
during the firing event, then the fluorescence emission increases, generating an optical response that
corresponds to electrical activity. Complementary to calcium imaging is photoactivation, which can use
photosensitive proteins (optogenetics) or optochemical (caged) compounds to manipulate firing patterns
either by causing neurons to fire or by silencing neurons. This combination of calcium imaging and
photoactivation offers a means for neuroscientists to record the spatiotemporal dynamics of activity and
map physical structure of circuits with single-cell resolution.

Liquid crystal spatial light modulators act as a programmable lens that can be used to manipulate the
wavefront of the excitation source. In its simplest form, the SLM can be used as a programmable prism,
redirecting light to a single focal point with a lateral shift. By adding prism functions together, the SLM
can be used to create multiple focal points within a 2D plane. Furthermore, by adding weighting functions
and lens functions, the SLM can redirect light to hundreds of focal points with a programmable intensity
in a 3D volume. In two-photon microscopes, LC-SLMs enable multisite 3D scanless excitation for
photoactivation, as well as high-speed volumetric imaging to record a volume of circuit activity. This
combination provides neuroscientists with a toolbox for in vivo studies deep within the cortex to better
understand the physical structure of neural circuits, the relationship of firing patterns, external stimuli
and the resulting behavior, and how these processes are altered by neurological disease.

Critical requirements: For this market the SLM must provide high resolution, high phase stability,
low losses, and high speed switching. The SLM resolution determines the field of view of the neural circuits
that can be studied. High phase stability ensures temporally stable excitation. Low losses are important
for studies of large scale neural circuits where light is divided among the number of neurons under study.
High speed switching allows the programmability of the excitation to match rates of naturally occurring
circuit dynamics.
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Figure 3 Zhang, Z., Russell, L. E., Packer, A. M., Gauld, O. M., & Hausser, M. (2018). Closed-loop all-optical interrogation of
neural circuits in vivo. Nature methods, 15(12), 1037.

Recommended References:

1.

10.

11.

Abdeladim, L., Shin, H., Jagadisan, U. K., Ogando, M. B., & Adesnik, H. (2023). Probing inter-areal
computations with a cellular resolution two-photon holographic mesoscope. bioRxiv, 2023-03.
Russell, L. E., Dalgleish, H. W., Nutbrown, R., Gauld, O. M., Herrmann, D., Fisek, M., ... & Hausser,
M. (2022). All-optical interrogation of neural circuits in behaving mice. Nature Protocols, 17(7),
1579-1620.

Wang, Y., Zheng, Y., Xu, Y., Li, R., Zheng, Y., Chen, J,, ... & Si, K. (2022). Two-photon patterned
photostimulation with low-power, high-efficiency and reliable single-cell optogenetic

control. bioRxiv, 2022-01.

Eybposh, M. H., Caira, N. W., Atisa, M., Chakravarthula, P., & Pégard, N. C. (2020). DeepCGH: 3D
computer-generated holography using deep learning. Optics Express, 28(18), 26636-26650.

Fan, L. Z., Kheifets, S., Bohm, U. L., Wu, H., Piatkevich, K. D., Xie, M. E., ... & Takesian, A. E.
(2020). All-optical electrophysiology reveals the role of lateral inhibition in sensory processing in
cortical layer 1. Cell, 180(3), 521-535.

Gill, J. V., Lerman, G. M., Zhao, H., Stetler, B. J., Rinberg, D., & Shoham, S. (2020). Precise
Holographic Manipulation of Olfactory Circuits Reveals Coding Features Determining Perceptual
Detection. Neuron.

Schneider-Mizell, C. M., Bodor, A. L., Collman, F., Brittain, D., Bleckert, A. A., Dorkenwald, S., ... &
Wou, J. (2020). Chandelier cell anatomy and function reveal a variably distributed but common
signal. bioRxiv.

Bovetti, S., Moretti, C., & Fellin, T. (2019). Patterned Two-Photon Illlumination for High-Speed
Functional Imaging of Brain Networks In Vivo. In Advanced Optical Methods for Brain Imaging
(pp. 123-141). Springer, Singapore.

Carrillo-Reid, L., Han, S., Yang, W., Akrouh, A., & Yuste, R. (2019). Controlling Visually Guided
Behavior by Holographic Recalling of Cortical Ensembles. Cell.

Fan, L. Z. (2019). All-Optical Electrophysiology of Excitation and Inhibition in Neural

Circuits (Doctoral dissertation).

Han, S. (2019). Computational and Imaging Methods for Studying Neuronal Populations during
Behavior (Doctoral dissertation, Columbia University).
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Han, S., Yang, W., & Yuste, R. (2019). Two-color volumetric imaging of neuronal activity of
cortical columns. Cell reports, 27(7), 2229-2240.

Kazemipour, A., Novak, O., Flickinger, D., Marvin, J. S., Abdelfattah, A. S., King, J., ... & Miller, E.
W. (2019). Kilohertz frame-rate two-photon tomography. Nature methods, 16(8), 778.

Lerman, G. M., Little, J. P., Gill, J. V., Rinberg, D., & Shoham, S. (2019). Real-Time In Situ
Holographic Optogenetics Confocally Unraveled Sculpting Microscopy. Laser & Photonics
Reviews, 13(9), 1900144,

Liu, R., Ball, N., Brockill, J., Kuan, L., Millman, D., White, C., ... & Larkin, J. (2019). Aberration-free
multi-plane imaging of neural activity from the mammalian brain using a fast-switching liquid
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Fiber-based Optical Manipulation

Overview: Fiber optic communications have long been of interest,
but more recently the technology is being coupled with SLMs for
imaging deep in tissue where scattering would otherwise prevent
optical techniques from being practical. Much research is focused on
imaging through multi-mode fibers due to the small form factor that
minimizes damage to surrounding tissue. The challenge of imaging
with multi-mode fibers is that manipulation of the fiber alters the
phase error that the fiber introduces. High speed SLMs are used not
only to remove the phases errors, but also to target excitation at the
end of the fiber.

Critical requirements: For this market the SLM must provide
high resolution, high phase stability, and high speed switching. The
SLM resolution determines the ability to correct for aberrations
introduced by the fiber and the ability to selectively redirect
excitation after propagating through the fiber. High phase stability
ensures temporally stable excitation and imaging. High speed allows
for real time phase correction in as any handling of the fiber disrupts
the phase of propagation.
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PSF Engineering

Overview: With the recent award of the Nobel Prize to Betzig and Moerner there has been a significant
increase in awareness of point spread function (PSF) engineering. In this case the SLM is placed in the
emission arm of a microscope. Moerner demonstrated use of PSF engineering with a Meadowlark Optics
SLM for super-resolution imaging and 3D localization of fluorescence emitters. PSF engineering has been
demonstrated to enable a microscope to image a sample using multiple imaging modalities
simultaneously change between modalities non-mechanically. This allows for imaging of structures with
a weak refractive index, and for quantitative measurement of phase structures. Imaging modalities that
have been demonstrated include: spiral phase imaging, dark field imaging, phase contrast imaging,
differential interference contrast imaging, and extended depth of field imaging.

as sm

0.2 um
0.2 pm

Standard PSF

0.2 ym
0.8 pm

0.5 ym

DH-PSF

)

=
€ 81 83 82 G4 82 o8 AT w4 e 4

Figure 5 (left) Siemons, M., Hulleman, C. N., Thorsen, R. @., Smith, C. S., & Stallinga, S. (2018). High precision wavefront
control in point spread function engineering for single emitter localization. Optics express, 26(7), 8397-8416. (right top)
Maurer, Christian, et al. "What spatial light modulators can do for optical microscopy (right bottom) Pavani, Sri Rama
Prasanna, et al. "Three-dimensional, single-molecule fluorescence imaging beyond the diffraction limit by using a double-
helix point spread function."

Critical requirements: For this market it is important that the SLM minimize optical losses. PSF
engineering uses a SLM to manipulate the wavefront in the emission path of the microscope. There is a
lack of signal in fluorescence imaging without adding losses. Use of a SLM with a high fill factor minimizes
losses to diffraction. High resolution SLMs are ideal for creating the complex phase functions required for
3D localization, and high speed allows for real time deep tissue super-resolution imaging.
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(2020). Phase imaging with computational specificity (PICS) for measuring dry mass changes in
sub-cellular compartments. Nature communications, 11(1), 6256.
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General Microscopy

Overview: Much research is aimed at improving imaging in a variety of
conditions such as: correcting for spherical aberrations in 3D imaging
far from the ideal focal plane, correcting for motion related artifacts,
and developing new imaging modalities. In each case the SLM is used
as a powerful tool to supplement and enhance capabilities of traditional
microscopes.

Critical requirements: Due to the breadth of this category the

requirements of the SLM are specific to the scope of the research.
Figure 6 Ringuette, D., Sigal, ., Gad,
R., & Levi, O. (2015). Reducing

the SLM to be tuned to match the requirements of each new approach misfocus-related motion artefacts in
laser speckle contrast imaging.
Biomedical optics express, 6(1), 266-
276.

Meadowlarks wide range of product options and customizations enable

to microscopy.
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Holographic Optical Tweezing (HOT)

Overview: Holographic optical tweezing uses tightly focused laser beams to manipulate the 3D position
of objects within a field of view. This can be used for research in fundamental physics, biological studies,
and cold atom trapping. The SLM is used to modulate the phase of an incident laser beam to create a 3D
volume of focal points. Objects with a higher refractive index than the surrounding media are pulled
toward the waist of the focal points, allowing the ability to manipulate the position of objects with
diameters ranging from 10 nm to 100 um with micron scale control.

800900
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Figure 7 Shaw, L. A,, Chizari, S., & Hopkins, J. B. (2018). Improving the throughput of automated holographic optical
tweezers. Applied optics, 57(22), 6396-6402.

Critical requirements: For this market the SLM must provide high resolution, high phase stability, and
high speed. The resolution of the SLM determines the field of view that objects can be manipulated in
and the number of traps that can be created which determines the throughput of experimental studies.
The phase stability of the SLM allows the incident power to be minimized while maintaining a stable trap.
Use of a high speed SLM has been demonstrated as a means to dynamically dampen Brownian motion to
maximize trap strength and minimize required incident power to maintain a stable optical trap. For work
with biological samples, limiting the incident power and duration of exposer are critical to maintaining
viability.
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Pulse Shaping

Overview: By modulating the phase and/or amplitude of spectral component of broadband femtosecond
lasers it is possible to generate arbitrarily shaped ultrafast optical waveforms. Applications for this
technology include optical communications, biomedical optical imaging, high power laser amplifiers,
guantum control, and laser-electron beam interactions. The typical implementation utilizes a grating to
spatially separate spectral components of a femtosecond laser onto an SLM. The SLM can simultaneously
introduce a phase bias and diffraction grating to control the phase and amplitude of each spectral
component. The reflected light from the SLM is recombined to form an ultra-short pulse. Shaped pulses
can be used to tune excitation in CARS microscopes, for spectroscopy, for machining and laser marking,

nonlinear microscopy, and communications.

Critical requirements: This market requires phase stability, and resolution such that a single SLM can
modulate the phase and amplitude of spectral components. 2D SLMs are ideal if the lateral resolution is
sufficiently high for the range of wavelengths being modulated. The columns of the SLM are then utilized
as diffraction gratings to superimpose amplitude modulation on the phase bias.
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