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1. ABSTRACT
" We have performed a fundamental study of optical/materials interactions
which can be used for passive control of the spatial energy (or power) distribution of
optical beams. The study included materials for use in various spectral bands within
the spectral range of the UV to 11 microns and the temporal range from cw to
picoseconds. We concentrated on materials and concepts with broadband response.
Materials studied under DARPA/CNVEOQ program include aromatic liquids,
liquid crystals, semiconductors, and liquid suspensions. We have demonstrated
optical limiting using nonlinear absorption in liquid crystals, optical self-action (self-
focusing) in liquids and solids, and multiphoton absorption plus sub-sequent self-
defocusing in semiconductors. We have theoretically modeled the nonlinearities in
these materials and understand the limiting mechanisms although in the organic
materials the magnitudes of the nonlinearities are not well understood. In the

semiconductors we have developed a predictive capability that allows us to calculate

the nonlinearity knowing only a few fundamental material parameters. In addition,
we have developed a preliminary model that explains the very Jow limiting
thresholds observed in a liquid suspension of carbon particles as due to nonlinear
scattering from rapidly expanding microplasmas initiated by thermionic emission. -
The dynamic ranges of these devices is determined by the ratio of the energy
or power at which the device itself is damaged irreversibly to the limiting energy or
power. We have demonstrated dynamic ranges of greater than 103 in liquids and we
have observed even larger dynamic ranges in bulk ZnSe. However in liquids the
dynamic range of the device is determined by optical damage to the container walls
(usually a cuvette), since liquids are self-healing and this dynamic range should be
easily extended. @A monolithic semiconductor limiting device with a measured
dynamic range of > 104 was recently fabricated and tested using psec 0.53um pulses.
This device had a limiting energy of 10-8 Joules which corresponds to a limiting

power for psec pulses of ~300 Watts. Using a similar ZnSe based limiter we have
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obtained limiting at ~80 Watts although the dynamic range was reduced.
Measurements of output spatial profiles and temporal profiles as recorded by a 2
psec resolution streak camera verify that no "hot" spots occur at the output in space
or time for either semiconductor limiter even for high input powers.

Great care has been taken over the past several years to develop well
characterized laser systems for use in nonlinear optics research. In particular, the
laser facilities including picosecond and nanosecond laser systems have been
meticulously tuned to operate in the Gaussian TEMpo mode such that the free
space propagation is well known. This allows us, along with our careful temporal
pulsewidth measurements, to accurately measure deviations from free space linear
propagation in these materials and thereby, determine their nonlinear optical
responses.

The work emphasized materials with broadband capability. That being the
case, materials exhibiting two-photon absorption (2PA) or nonresonant self-action
and/or scattering were stressed. For example, ZnSe exhibits nearly constant 2PA
from 900 to 450 nm, and the suspension of carbon particles should have an even
braoder bandwidth,

In what follows we list publications and presetations that have resulted from

this reseach and then summarize the basic results with reference to the appropriate

publications.
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I1. PUBLICATIONS AND PRESENTATIONS

The results of research sponsored under this program have been presented in
48 presentations at national and international conferences, and have been published
in 41 scientific articles as summarized below. Reprints of publications are included
at the end of this report.
PUBLICATIONS

Invited

1. "Picosecond Damage Studies at 0.5 and 1 pm," M.J. Soileau, William E. Williams,
E.W. Van Stryland, Thomas F. Boggess, and Arthur L. Smirl, Opt. Eng. 22, 424
(1983).

2. "Laser Light Induced Bulk Damage to Optics,” M.J. Soileau, E.W. Van Stryland
and William E. Williams, critical review in Radiation Effects in Optical Materials,
Paul W. Levy, ed., SPIE 541, 110-122 (1985).

3. "Passive Optical Limiting with Picosecond Response”, M.J. Soileau, S. Guha, and
E.W. Van Stryland, in Ultrashort Pulse Spectroscopy and Applications, M.J. Soileau,
ed., SPIE 533, 144-148 (1985).

4. "Passive Optical Limiting”, M.J. Soileau, E.W. Van Stryland, and Shekhar Guha,
SPIE 540, 520-527 (1985).

5. "Two-Photon Absorption, Nonlinear Refraction and Optical Limiting in
Semiconductors”, E. W. Van Stryland, H. Vanherzeele, M.A. Woodall, M.J. Soileau,
Arthur L. Smirl, Shekhar Guha, Thomas F. Boggess, Opt. Eng. 24, 613 (1985).

6. "Nonlinear Absorption and Associated Refraction in Semiconductors”, E.W. Van
Stryland, H. Vanherzeele, Shekhar Guha, M.A. Woodall, and M.). Soileau,
Proceedings of the IVth International Symposium on Ultrafast Phenomena in
Spectroscopy, Teubner-Texte zur Physik, Ed. Edgar Klose, and Bernd Wilhelmi,
GDR (1985).

7.  “"Nonlinear Optical Properties of Liquid Crystals in the Isotropic Phase”, M.J.
Soileau, E.W. Van Stryland, Shekhar Guha, E.J. Sharp, G.L. Wood, and J.L.W.
Pohlmann, Mol. Cryst. Liq. Cryst. 143, 139, (1987).

8. "Nonlinear Beam Propagation in Semiconductors”, E.W. Van Stryland, DJ.
Hagan, M.J. Soileau, Y.Y. Wu, Proceedings of the International Conference "Lasers
87", (1987).

9.  "Influence of Self-Focusing on Bulk Laser Induced Damage”", M.J. Soileau, E.W.
Van Stryland, SPIE proceedings of the O-E LASE conference, to be published 1988.




Refereed

10. "Optical Power Limiter with Picosecond Response Time," M.J. Soileau, William
E. Williams, and E.W. Van Stryland, IEEE J. Quantum Electron. QE-19, 731 (1983).

11. "Optical Limiting by Two-Photon Absorption and Nonlinear Refraction in
GaAs,” T.F. Boggess, Arthur L. Smirl, Steven C. Moss, Ian W. Boyd, and E.W. Van
Stryland, IEEE J. Quantum Electron. QE-2I, 488 (1985).

12.  “Studies of the Nonlinear Switching Properties of Liquid Crystals with
Picosecond Pulses,” M.J. Soileau, Shekhar Guha, William E. Williams, Eric W. Van

Stryland, Juergen L.W. Pohlmann, E.J. Sharp, and Gary Wood, Mol. Cryst. Liq.
Cryst. 127, 321 (1985).

13. "Optical Switching and n, Measurements in CS,,” William E. Williams, M.J.
Soileau, and Eric W. Van Stryland, Opt. Commun. 50, 256 (1984).

14. "Energy Band-Gap Dependence of Two-Photon Absorption,” Eric W. Van
Stryland, M.A. Woodall, H. Vanherzeele, and M.J. Soileau, Opt. Lett. 10, 490 (1985).

15. "Self-Defocusing in CdSe Induced by Charge Carriers Created by Two-Photon

Absorption,” Shekhar Guha, Eric W. Van Stryland, and M. J. Soileau, Opt. Lett. 10,
285 (1985).

16. "Verification of the Scaling Rule for Two-Photon Absorption in
Semiconductors,” Eric W. Van Stryland, Shekhar Guha, H. Vanherzeele, M.A.
Woodall, M.J. Soileau, and Brian S. Wherrett, Optica Acta 33, 381-386 (1986).

17. "Self-Focusing in CS, at 10.6 um,” M. Mohebi, P.F. Aiello, G. Reali, M.J.
Soileau, and Eric W. Van Stryland, Opt. Lett. 10, 396 (1985).

18. "Nonlinear Optical Properties of Bi-Phenyl Compounds,” M.J. Soileau, J.
Tyminsky, N. Mansour, E. Canto, E.W. Van Stryland, S. Guha, E.J. Sharp, G.L.

Wood, and J.L.W. Pohlmann, accepted for publication in Mol. Cryst. Liq. Cryst.,
1986.

19. "Time Resolved Self-Defocusing in Cd, Hg,,Te and InSb", D. Craig, A. Miller,
and M.J. Soileau, Opt. Lett. 11, 794 (1986).

20. "Two-Photon Absorption Induced Transmission Changes in ZnSe Interference

Filters,” E.W. Van Stryland, Steven A. Miller, B.S. Wherrett, and M.A. Woodall,
JOSA BS, 1289 (1988).

21.  “Self-Protecting Semiconductor Optical Limiters,” D.J. Hagan, E.W. Van
Stryland, M.J. Soileau, and Y.Y. Wu, Opt. Lett. 13, 315 (1988). -

22. "Optical Limiting with Semiconductors,” E.W. Van Stryland, Y.Y. Wu, D.J.
Hagan, M.J. Soileau, and Kamjou Mansour, JOSAB Sept. (1988).

23. "The Effect of Linear Absorption on Self-Focusing”, Mehrdad Mohebi, M.J.
Soileau, and E.W. Van Stryland, Opt. Lett. 13, 758 (1988)

24. "Resolution of Discrepancies in Measurements of n, in CS, at 10 um", Mehrdad
Mohebi, M.J. Soileau, and E.W. Van Stryland, Opt. Lett. 13, 649 (1988).




Proceedings

25. "The Effects of Self-Focusing on Laser-Induced Breakdown," William E.
Williams, M.J. Soileau, and Eric W. Van Stryland, in Laser Induced Damage in
Optical Materials, (1983).

26. “"Simple Direct Measurements of n,,” William E. Williams, M.J. Soileau, and
Eric W. Van Stryland, in Laser Induced Damage in Optical Materials, (1983).

27. "Nonlinear Absorption and Nonlinear Refraction Studies in MEBBA," M.J.
Soileau, William E. Williams, E.W. Van Stryland, Shekhar Guha, H. Vanherzeele,
J.L.W. Pohlriann, E.J. Sharp, and G.L. Wood, in Ultrafast Phenomena IV, eds. D.
Auston, K.B. Eisenthal, Springer-Verlag, New  York, 205 (1984).

28. "Self-Focusing in Damage Experiments Revisited," M.J. Soileau, William E.
Williams, and Eric W. Van Stryland, in Laser Induced Damage in Optical Materials,
NBS special publication 727, 394 (1984).

29. "Picosecond Damage in Y,O, Stabilized Cubic Zirconia,” N. Mansour, M.J.
Soileau, and Eric W. Van Stryland, in Laser Induced Damage in Optical Materials,
NBS special publication 727, 31 (1984).

30. "Two-Photon Absorption, Nonlinear Refraction, and Optical Limiting in
Semiconductors,” H. Vanherzeele, M.A. Woodall, Eric W. Van Stryland, M.J.
Soileau, A.L. Smirl , S. Guha, N. Mansour, and M. Mohebi, in Laser Induced
Damage in Optical Materials. NBS special publication 727, 404 (1984).

31. “"Nonlinear Refractive Index of CS, at 10.6 ym,” M. Mohebi, G.C. Reali, M.J.
Soileau, and E.W. Van Stryland, SPIE 540, 528 (1985).

32.  "Two-Photon Absorption, Nonlinear Refraction and Optical Limiting in
Semiconductors”, E.W. Van Stryland, Shekhar Guha, H. Vanherzeele, Mehrdad
Mohebi, M.A. Woodall, M.J. Soileau, A.L. Smirl and T.F. Boggess, proceedings of
the Fall meeting of the Materials Research Society, in Nonlinear Optical Materials,
ed. D.A.B. Miller, 69, (1985).

33.  "Measurement of n, in Liquids at 1.06 pm and 0.53 pm," Shekhar Guha,
M.J. Soileau, and E.W. Van Stryland, Proceedings of the Southwest Conference on
Optics, Albuquerque, NM SPIE 540, 533 (1985).

34. "Two-Photon Absorption and Nonlinear Refraction in Isotropic Liquid Crystals,”
M.J. Soileau, Eric W. Van Stryland, and Shekhar Guha, Proceedings of Conference
682, SPIE 30th Annual International Technical Symposium on Optical and
Optoelectronic Applied Sciences and Engineering, (1986).

35. "Nonlinear Absorption Initiated Avalanche Breakdown in a Wide Gap Dielectric
ZrO,", Nastaran Mansour, Edesly Canto, E. Miesak, M.J. Soileau and Eric W. Van
Stryland, Proceedings of the 1986 Boulder Damage Conference, Boulder, Colorado
(1986).

36. "Nonlinear Transmission of Semiconductor Thin Films," Eric W. Van Stryland,
S.A. Miller, and B.S. Wherrett, in Modern Optical Characterization Techniques for
Semiconductors, O.J. Glembocki, Fred H. Pollak, J.J. Song, ed., SPIE 794, (1987).




37. "Temporal and Spatial Distribution of Light from a Monolithic Limiter”, M.J.
Soileau, D.J. Hagan, Y.Y. Wu, and E.W. Van Stryland, proceedings of the Joint
U.S.-U.K. Conference on Sensor Protection, Malvern, England, 1987.

38. "Repetition Rate Dependence of the Nonlinear Response of Suspended Particles”,
M.J. Soileau, K. Mansour, E.W. Van Stryland, E. Canto, and D. J. Hagan,
proceedings of the Joint US.-UK. Conference on Sensor Protection, Malvern,
England, 1987,

39. "Optical Damage Protector Based on Self-Defocusing in Semiconductors”, E.W.
Van Stryland, M.J. Soileau, D.J. Hagan and Y.Y. Wu, Proceedings of SPIE, O-E
LASE 88, to be published, Los Angeles (1988).

40. "Observation of Two-Photon Absorption Prior to Laser-Induced Damage in
ZrO,", N. Mansour, K. Mansour, M.J. Soileau, E.W. Van Stryland, Proceedings of
the 1987 Boulder Damage Conference, Boulder, Colorado (1987).

41. “"Nonlinear Optics for Sensor Protection and Switching”, E.W. Van Stryland,
Proceedings of Southcon/88, Orlando, F1., March (1988).




PAPERS
Invited

1.  "Picosecond Laser-Induced Damage”, M.J. Soileau, Eric W. Van Stryland,

Thomas F. Boggess, and Arthur L. Smirl, Lasers ‘83, San Francisco, CA., December
12-16, 1983.

2. "Laser Light Induced Bulk Damage to Optics”, M.J. Soileau, E.W, Van Stryland
and William E. Williams, Critical Review Paper, Southwest Conference on Optics,
Albuquerque, NM., 1985,

3. "Passive Optical Switches with Picosecond Response”, M.J. Soileau, S. Guha and
E.W. Van Stryland, SPIE 1985 Los Angeles Technical Symposium on Optical and
Electro-Optical Engineering, Los Angeles, CA., 1985.

4. "Passive Switching of Picosecond Light Pulses”, M.J. Soileau, E.W. Van Stryland
and S. Guha, Southwest Conference on Optics, Albuquerque, NM., 1985,

5. "Nonlinear Absorption and Associated Refraction in Semiconductors”, E.W. Van
Stryland, H. Vanherzeele, S. Guha, M.A. Woodall and M.J. Soileau, IV International

Symposium, Ultrafast Phenomena in Spectroscopy, UPS 85, Reinhardsbriinn, GDR,
October 23-26, 1985.

6. "Nonlinear Optical Properties of Liquid Crystals in the Isotropic Phase”, M.J.
Soileau, E.W. Van Stryland, S. Guha, E.J. Sharp, G.L. Wood and J.L.W. Pohimann,
Optical Properties of Liquid Crystals Conference, Naples, Italy, July 15-18, 1986.

7. "Nonlinear Beam Propagation in Semiconductors”, E.W. Van Stryland, D.J. Hagan,
M.J. Soileau and Y.Y. Wu, Lasers ‘87, Lake Tahoe, Nevada, Dec. 7-11, 1987.

8. Influence of Self-Focusing on Bulk Laser Induced Damage”, M.). Soileau, and

E.W. Van Stryland, SPIE, O-E LASE ‘88 Symposium on Lasers and Optics, Los
Angeles, CA, 1988.

9. "Nonlinear Optical Properties of Modified Liquids", M.J. Soileau, E.W. Van
Stryland, D.J. Hagan, and Kamjou Mansour, International Conference on Nonlinear
Optics, Ashford Castle, Ireland, May 3-6, 1988.

10. “"Role of Defects and Impurities in Bulk Laser-Induced Damage”, M.J. Soileau,
Nastaran Mansour, and E.W. Van Stryland, Annual Meeting of the Optical Society of
America, Santa Clara, Ca., 1988.

Refereed

11. "Simple Direct Measurements of n,,” William E. Williams, M.J. Soileau, and
Eric W. Van Stryland, 1983 Boulder Damage Conference, Boulder, CO, 1983.

12. "The Effect of Self-Focusing on Laser-Induced Breakdown," William E.

Williams, M.J. Soileau, and Eric W. Van Stryland, 1983 Boulder Damage Conference,
Boulder, CO, 1983.




13. “"Measurements of the Nonlinear Refractive Index in Low Index Materials at
0.53 and 1.06 Microns,” William E. Williams, M.J. Soileau, and Eric W. Van Stryland,
4th Conference on Lasers and Electro-Optics (CLEO), Anaheim, CA, 1984.

14. *Nonlinear Absorption and Nonlinear Refraction Studies in MEBBA" M.J.
Soileau, William E. Williams, Eric W. Van Stryland, H. Vanherzeele, J.L.W.
Pohlmann, E.J. Sharp, and G.L. Wood, Topical Meeting on Ultrafast Phenomena,
Monterey, CA, 1984,

15. “Studies of Nonlinear Optical Properties in Liquid Crystals with Picosecond
Pulses,” M.J. Soileau, William E. Williams, E.W. Van Stryland, H. Vanherzeele,
Shekhar Guha, J.L.W. Pohimann, E.J. Sharp, and G.L. Wood, Tenth International
Liquid Crystal Conference, York, UK., 1984,

16. *Self-Focusing in Damage Experiments Revisited,” M.J. Soileau, William E.
Williams, and Eric W. Van Stryland, 1984 Boulder Damage Conference, Boulder, CO,
1984.

17.  "Picosecond Damage in Y,O, Stabilized Cubic Zirconia,” N. Mansour, M.J.
Soileau, and Eric W. Van Stryland, 1984 Boulder Damage Conference, Boulder, CO,
1984.

18. "Energy Gap Dependence of Two-Photon Absorption in Semiconductors,” H.
Vanherzeele, M.A. Woodall, Cric W. Van Stryland, M.J. Soileau, A.L. Smirl, Shekhar
Guha, N. Mansour, and M. Mohebi, 1984 Boulder Damage Conference, Boulder,
CO, 1984.

19.  "Photoacoustic Measurement of Onset of Self-Focusing in Liquid CS, at 10.6
pm," M. Mohebi, P. Aiello, G.C. Reali, M.J. Soileau, and E.W. Van Stryland,
Southwest Conference on Optics, Albuquerque, NM, 1985.

20. "Measurement of n, in Liquids at 1.06 um and 0.53 pm,” Shekhar Guha, M.J.
Soileau, and E.W. Van Stryland, Southwest Conference on Optics, Albuquerque, NM,
1985.

21. "Two-Photon Absorption and Nonlinear Refraction in Semiconductors,” Eric W.
Van Stryland, S. Guha, H. Vanherzeele, M.A. Woodall, and M.J. Soileau, 7th
National Quantum Electronics Conference, Malvern, England, 1985.

22. "Two-Photon Absorption, Nonlinear Refraction and Optical Limiting in
Semiconductors,” Eric W. Van Stryland, S. Guha, H. Vanherzeele, Mehrdad Mohebi,
M.A. Woodall, M.J. Soileau, Arthur L. Smirl, and Thomas F. Boggess, 1985 Fall
Meeting of the Materials Research Society, Boston, MA, 1985.

23. "Dynamic Nonlinear Properties of Dielectric Interference Filters," Y.T. Chow;
B.T. McGuckin, B.S. Wherrett, and E. W. Van Stryland, The XIIIth International
Quantum electronics Conference, San Francisco, CA, 1986.

24. "Nonlinear Optical Properties of BiPhenyl Compounds”, M.J. Soileau, J.
Tyminski, N. Mansour, E. Canto, E.W. Van Stryland, S. Guha, E.J. Sharp, G.L.
Wood and J.L.W. Pohlmann, International Liquid Crystal Conference, San Francisco,
CA.,1986.
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25. "Self Protecting Solid State Optical Limiter,” M.J. Soileau, D.J. Hagan, and E.W.
Van Strylanc, Conference on Lasers and Electro-Optics (CLEO), San Francisco, CA,
1986.

26. “"Nonlinear Absorption Initiated Avalanche Breakdown in a Wide Gap Dielectric
ZrO,", Nastaran Mansour, Edesly Canto, E. Miesak, M.J. Soileau and Eric W. Van
Stryland, 1986 Boulder Damage Conference, Boulder, CO, 1986.

27. "Fabry Perot Enhancement of Nonlinear Absorption in Optical Coatings,” E.W.
Van Stryland, Steve Miller and B.S. Wherrett, Conference on Lasers and Electro-
Optics (CLEO), Baltimore, MD., 1987.

28. *Picosecond-Induced Dynamic Responses of Optically Bistable Interference
Filters,” Y.T. Chow, B.T. McGuckin, S.D. Smith, B.S. Wherrett, and Eric W. Van
Stryland, Conference on Lasers and Electro-Optics (CLEO), Baltimore, Md., 1987.

29. *Characticrization of Semiconductor Optical Power Limiting Devices”, D.J.
Hagan, M.J. Soileau, Y.Y. Wu, and E.W. Van Stryland, Conference on Lasers and
Electro-Optics (CLEO), Baltimore, Md., 1987.

30. "Nonlinear Absorption-Induced Transmission Changes in ZnSe Interference
Filters,” D.J. Hagan, Y.Y. Wu, M.J. Soileau, E.W. Van Stryland, Y.T. Chow, and B.S.
Wherrett, XV International Conference on Quantum Electronics (IQEC), Baltimore,
Md., 1987.

31. "Temporal and Spatial Distribution of Light from a Monolithic Limiter", M.J.
Soileau, D.J. Hagan, Y.Y. Wu, and E.W. Van Stryland, Joint US.-U.K. Conference
on Sensor Protection, Malvern, England, 1987.

32. "Repetition Rate Dependence of the Nonlinear Response of Suspended
Particles”, M.J. Soileau, K. Mansour, E.W. Van Stryland, E. Canto, and D.J. Hagan,
Joint U.S.-U.K. Conference on Sensor Protection, Malvern, England, 1987.

33.  "Nonlinear Transmission of Semiconductor Thin Films", E.W. Van Stryland,
Steven A. Miller and B.S. Wherrett, SPIE Symposium on Characterization of Very
High Speed Semiconductor Devices and Integrated Circuits: Critical Review of
Technology, Bay Point, FL, Mar 23 - 27, 1987.

34. "Optical Damage Protector Based on Self-Defocusing in Semiconductors”, E.W.
Van Stryland, M.J. Soileau, D.J. Hagan, and Y.Y. Wu, SPIE O-E/LASE ‘88
Symposium on Lasers and Optics, Los Angeles, CA, 1988.

35. "Picosecond Degenerate Four-Wave Mixing Studies in ZnSe", D.J. Hagan, E.
Canto, E. Miesak, M.J. Soileau, and E.W. Van Stryland, Conference on Lasers and
Electro-Optics (CLEO), CA., 1988.

36. "Two-Photon Absorption and Free-Carrier Absorption in Semiconductor Doped
Glasses®, E. Canto, E. Miesak, D.J. Hagan, M.]. Soileau, and E.W. Van Stryland,
Conference on Lasers and Electro-Optics (CLEO), CA., 1988.

37. “"Analysis of Semiconductor Based Optical Limiters", E.W. Van Stryland, Y.Y.

Wu, D.J. Hagan, and M.). Soileau, International Quantum Electronics Conference
(IQEC), Tokyo, Japan, 1988.
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38. "Optical Limiting with Semiconductors”, E.W. Van Stryland, Y.Y. Wu, DJ.
Hagan, M.J. Soileau, and K. Mansour, Topical Meeting on Laser Materials and Laser
Spectroscopy, Shanghai, China, July 25-27, 1988.

Contributed

39. “"The Role of Self-Focusing in Laser-Induced Breakdown of Selected Materials”,
William E. Williams, M.J. Soileau and E.W. Van Stryland, 1983 Annual Meeting of
the Optical Society of America, New Orleans, LA., 1983.

40. “"Pulsewidth Modulation Nonlinear Spectroscopy”, E.W. Van Stryland and Milton
A. Woodall, 1983 Annual Meeting of the Optical Society of America, New Orleans,
LA., 1983.

4]. "10.6 pym Optical Limiter", M.J. Soileau, E.W. Van Stryland, Mehrdad Mohebi
and Nastaran Mansour, 1983 Annual Meeting of the Optical Society of America,
New Orleans, LA., 1983.

42. "Spatial Beam Propagation of Picosecond Pulses Through Optical Limiting
Media", Shekhar Guha, E.-W. Van Stryland and M.J. Soileau, 1984 Annual Meeting of
the Optical Society of America, San Diego, CA., 1984,

43. “Energy Gap Dependence of Two-Photon Absorption in Semiconductors”, H.
Vanherzeele, M.A. Woodall, E.W. Van Stryland, M.J. Soileau, Shekhar Guha, N.
Mansour and M. Mohebi, 1984 Annual Meeting of the Optical Society of America,
San Diego, CA., 1984.

44. ‘“Irradiance Modulation Spectroscopy”, Steven A. Miller, M.A. Woodall and
E.W. Van Stryland, 1984 Annual Meeting of the Optical Society of America, San
Diego, CA., 1984.

45. "Power Limiting and Self-Focusing in Nonlinearly Absorbing Liquid Crystalline
Media", S. Guha, M. Mohebi, EW. Van Stryland and M.J. Soileau, 1985 Annual
Meeting of the Optical Society of America, Washington, DC, 198S.

46. *Picosecond Study of Charge Carrier Induced Nonlinear Refraction in
Intermediate Band Gap Semiconductors”, S. Guha, E.W. Van Stryland and M.J.
Soileau, 1985 Annual Meeting of the Optical Society of America, Washington, DC,
1985.

47. "The Observation of Nonlinear Transmission Prior to Laser Damage in ZrO,",
N. Mansour, M.J. Soileau and E.W. Van Stryland, 1986 Annual Meeting of the
Optical Society of America, Seattle, Washington, 1986.

48. "Semiconductor Optical Limiters with Large Dynamic Range", David J. Hagan,
M.J. Soileau, Yuan-Yen Wu, and E.W. Van Stryland, 1986 Annual Meeting of the
Optical Society of America, Seattle, Washington, 1986.

49. "Two-Photon Absorption and Nonlinear Refraction in Isotropic Liquid

Crystals", M.J. Soileau, E.W. Van Stryland and Shekhar Guha, Conference 682, SPIE
Optoelectronic Applied Sciences and Engineering, San Diego, Ca., August 1986.
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50. “Dispersion of Nonlinear Index of Refraction of CS,", M.Mohebi, M.J. Soileau,
and E.W. Van Stryland, 1986 Annual Meeting of the Optical Society of America,
Seattle, Washington, 1986.
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m. SUMMARY OF PROGRESS

We have shown that nonlinear optical interactions are an effective means for
passively controlling the spatial energy (or power) distribution of optical beams.
Optical self-action (self-focusing and self -defocusing), multiphoton absorption, laser-
induced breakdown or plasma formation, and various combinations of these
nonlinear interactions have all been used to make optical power limiters (OPL)
during this program. These devices can limit the focal plane irradiance (or fluence)
of optical systems. Media investigated by us to date include Kerr liquids, liquid
crystals, other organic liquids, semiconductors and liquid suspensions of solid
particles. However, there remain several major problems that often prevent the
effective utilization of nonlinear optical interactions for spatial control of optical
beams. These include the lack of materials with (1) proper or desired nonlinear
response, i.e., materials with large, broadband, fast nonlinearities; (2) materials with
suitable characteristics in the various spectral regions of interest; and (3) materials
with a large dynamic range. Here we define the dynamic range to be the irradiance
or fluence region between where spatial beam contro! begins and the material fails
due to irreversible laser-induced damage or breakdown. In the case of liquid OPL’s
that self-heal, the laser induced breakdown limit on the dynamic range is determined
by damage to the cell window. In liquids it is also important to determine the self-
healing rate. For example, we have observed large hysteresis effects in
liquid/particle suspension based limiters even at a laser repetition rate of 1 Hz.

Figure 1 shows the ideal limiter response characteristics (solid line). The
limiter has linear response at low input and constant output above a particular input
which we call P,. This could be input power or energy. The response of CS, in the
limiting configuration depicted in Fig. 2 shows nearly ideal limiting, and in fact this
system works remarkably well. However P, ~8kw for the input wavelength of
0.53um. Note that Fig. 2 shows a defocusing nonlinearity characteristic of a

semiconductor, while CS, has a self-focusing nonlinearity. For many applications
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Ffuence or frradiance Output

Power or Energy Input

Fig. 1: Fluence or irradiance output of an ideal optical limiter as a
function of the input power or energy.

Fig.2. Schematic drawing of the thick limiter geometry. The
solid lines show linear beam propagation for low inputs, and the
dashed lines show the beam for high inputs. .

- 15 -




—

this P, is too large. Because the mechanism in CS, is self-focusing from the optical
Kerr effect, there is no way to lower P in CS,. Another material must be found.
We have found materials with somewhat smaller values of P., but often the
characteristics of the “ideal” curve of Fig. 1 are sacrificed. Such materials problems
are dependent on many parameters such as pulsewidth and wavelength, For that
reason we separately considered the visible to near infrared region, and the infrared
spectral region.

The 0.3 to 1.5 micron region has the advantage of having a large variety of
materials for consideration. In addition, highly transparent solvents are readily
available for use as vehicles for artificial Kerr media, solutions, liquid suspensions,
and colloidal suspensions. Perhaps, more importantly, this spectral region is free
from most vibrational resonances, such as those associated with hydrogen bonding.
This means that many organic materials are highly transparent in this region. This is
particularly appropriate in light of recent developments in the area of new organic
materials with enhanced optical nonlinearities. These new organics have been
demonstrated to have extremely high second order nonlinearities and large third
order susceptibilities have also been reported.  However, great care in the
interpretation and extrapolation of published results toward use in optical limiters
and other sensor protection schemes must be excercised. For example, the material
MNA (methy! nitroanaline, an organic polymer in a solid host) was studied using
nsec 4-wave mixing experiments. The reported x® was several times the nonlinear
susceptibility of CS,. In separate measurements using femtosecond pulses, this
material was reported to show a fast nonlinearity but the magnitude was not
reported. We determined that the larger nsec signal was due to a linear absorption
induced change in index, a slow thermal effect, and that the fast effect is
presumably electronic. = However, we have measured the magnitude of this
nonlinearity to be no larger than one-tenth that of CS,.

A standardized set of experiments to determine magnitudes, response times,
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and physical mechanisms is necesssary in order to assess a material’s potential for
optical limiting. Under this program we have set up experimen. and developed
facilities to perform these measurements. We have also worked on the design of
optical limiters to best utilize the measured nonlinearities.

This program has resulted in the development of extensive laboratory
facilities for detailed, quantitative measurements of nonlinear absorption and
nonlinear refraction in optical materials. Present capabilities cover the spectral range

from the 10.6 um region to the UV and the pulsewidth range from cw to

material suppliers (e.g., CNVEO, Kent State’s Liquid Crystal Institute, Purdue
University, Hughes Research Labs, Battelle Columbus, etc.) and other groups

studying nonlinear optical properties of materials. In 1985, Professor Van Stryland

spent a sabbatical at Heriot-Watt University in Scotland (one of the world’s leading
institutions in this field) and we maintain active collaborations with that group. Dr.
David Hagan of Heriot-Watt first joined the group at North Texas State University
and has since joined the faculty at CREOL participating in this research. Also in
December, 1988, Dr. Alan Miller of RSRE in Malvern, England will join CREOL.
In addition, we have undertaken joint projects and exchanges with Dr. Viv Ropper’s
group at RSRE (the UK.s leading laboratory for optical power limiter research).
This has been particularly fruitful in looking at nonlinearities in. the IR of HgCdTe.
In addition, they have recently grown, by molecular beam epitaxy, thin film
structures of HgCdTe which we have been examining.

CREOL facilities and expertise were used as a test and evaluation facility to
provide quantitative characterization of the nonlinear optical properties of new
materials. This is helping to provide a standardized data base from which we can
assess progress in materials development. Especially unique is our capability to
determine absolute values of nonlinear coefficients since we can accurately determine

optical irradiance levels, This latter point may seem trivial, however, errors in the
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measurement of nonlinear parameters are nonlinearly dependent on the beam quality
and errors in linear beam characterization. A notorious example of discrepancies
between nonlinear material parameters reported in the literature are the values of 5,,
the 2PA coefficient. The reported value for GaAs varies by nearly three orders of
magnitude. Work in our laboratories has explained these discrepancies as due to (a)
inadequate laser characterization and (b) not taking into account two other
nonlinearities that can occur simultaneously with 2PA, i.e., free carrier absorption
and free carrier refraction. Clearly, careful laser beam characterization is a
necessary, but not sufficient condition for obtaining accurate nonlinear material
parameters. The addition during this program of a psec 4-wave mixing apparatus
for experiments at the NdAYAG fundamental and harmonics adds greatly to our
ability in determining the response times and nonlinear mechanisms in the various
materials studied. Examples of the types of information that can be extracted from
such an apparatus are given in Appendix A using bulk ZnSe as a sample. Varying
beam polarization and varying the temporal delay of one of the 3 input beams at a
time can allow an unraveling of the various nonlinear responses.

Our previous work in collaboration with researchers at RSRE has shown
complicated transmission characteristics in HgCdTe that have been qualitatively
associated with various orders of absorption (i.e., 1, 2, or 3 photon absorption). This
work has led to the lowest limiting energy yet observed at 10.6 um. A complete
report of this work has been published by the British Ministry of Defense. Our
contribution is included in the attatched reprints.

Mixtures, solutions, and suspensions which we refer to as: combination media
offer interesting possibilities as OPL materials. Research has shown that many
highly nonlinear materials unfortunately have relatively high linear losses. Mixing
approaches allow one to form artificial Kerr media and to use dilute solutions of
materials which in their pure form would have too much linear absorption. In

addition, our research has shown that the addition of a small amount of linear
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absorber has little effect on the short pulse nonlinear response while greatly affecting
the cw nonlinear response. The cw limiting occurs because of the slow and
cumulative thermally induced refractive index changes. The cumulative thermal
effect is why this type of nonlinearity is one of the largest measured to date. Thus,
these approaches allow one to tailor the OPL performance to include response to cw
as well as pulsed output.

Optical Damage:

The work on optical damage to solid materials led to the development of a
solid state optical limiter. The work on understanding of damage mechanisms in
solid materials including self-lensing is published in references ], 2, 9, 25, 28, 29,
35, 40, and has been presented at conferences as listed under "Papers”, reference
numbers 1, 2, 8, 10, 12, 16, 17, 26, 39, 47 and 51.

Using the experimental apparatus for measuring 2PA in semiconductors with
psec pulses we also monitored laser-induced damage to wide-gap insulators that were
irradiated with ~y-rays to produce mid-gap defect levels. We found that there is an
excellent correlation between the damage thresholds and extrinsic linear absorption at
twice the fundamental frequency, indicating 2PA from defects was initiating
damage.

The knowledge gained in these damage studies helped in formulating a
model for limiting in liquid suspensions of solid particles (ie. we found that damage
in normally transparent materials began by linear or nonlinear absorption of defects
or impurities which subsequently initiated an avalanche). We now find a similar
process in particle suspensions.

In order to understand and interpret data a great deal of effort was focused
on understanding nonlinear propogation in these solids. In particular, the role of
self-focusing in damage experiments was determined. These studies have also helped
our understanding of beam propagation in semiconductors needed to build and

design optical limiters as discussed next.
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Optical Limiting in Liquids (Visible and Near IR)

The results of research performed in this area are described in detail in
publications 3, 4, 7, 10, 12, 18, 27, 33, and 34. This work was also presented at
conferences as listed. See references under "Papers”, numbers 3, 4, 6, 14, 15, 24, 42,
45, and 49.

The liquids studied included Kerr liquids, (e.g., CS,), mixtures of Kerr
liquids, liquid crystals above the Freedricks transition temperature (e.g., MEBBA,
BUPBUB, etc.) and in BiPhenyl compounds. Limiting in Kerr liquids is now well
understood and predictable. Unfortunately, CS, has the highest nonlinearity in
conjunction with a fast response time (2 psec) and limiting still only begins at ~ 8kw
at 532 nm (32 kw at 1.06 mm scaling as the wavelength squared). For most
applications, this power is too high and it can only be raised not lowered.

We then studied a series of organic compounds that are liquid crystals at
relatively low temperatures. Since they scatter light efficiently in the liquid crystal
state and we were interested in transparent media with fast nonlinear response, we
worked above the liquid crystal transition temperature.

We find that in liquid crystals 2PA is large but self-refraction is dominated
by a relatively small self-focusing consistent with the absence of free carriers.
Limiting was =~ 20 times less effective at 1.06 nm where the materials were not
two-photon absorbers. While this result was disappointing, we feel that there is still
a great deal of work to do in this area since engineering of the molecular structure
and, therefore, nonlinearities are possible. Comparisons of nonlinearities observed in
liquid crystals and semiconductors helps us to clearly separate effects due to self-
refraction. This is particularly important in propagation through "thick” media where
solutions to Maxwell’s equations become numerically difficult. Appendix A gives

recent theoretical calculations for limiting in thick media.

Optical Limiting in CS, at 10 um

Few liquids transmit at 10 um (the CO, laser wavelength) and it appears that
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solids, promising for limiting such as InSb, must be cooled to obtain high linear
transmission. Solids also can suffer irreversible damage. The self-healing property
of liquids makes them appealing for limiter applications. We found with nanosecond
pulses that electrostriction plus thermal nonlinearities dominate the nonlinear
response. These results are published in references 13, 17, 23, 24, 31, and have
been presented at conferences as listed under "Papers” 19, 41, 50 and 56. We will
present a talk at the 1988 OSA conference entitled "Thermal Lensing in CS, at 10
um"” further describing the thermal nonlinearities in CS,. While the first published
results indicated a power of ~ 160 kw was needed to initiate limiting, recent results
show that thermal nonlinearities can begin to limit as low as a few kilowatts with
response faster than 50 nsec. The thermal nonlinearity is initiated by a small
residual linear absorption. In order to understand how this absorption affected other

nonlinearities we performed a separate study published in reference 23.

Optical Limiting with Semiconductors

During this program we succeeded in developing small, solid state,
completely passive, fast response (psec) broadband optical limiters. Such limiters can
be made in a monolithic form and are self-protected from optical damage. This
overcomes the problem that made self-healing liquid limiters so attractive. We have
succeeded in building devices that limit at ~300 Watts for 30 psec pulses and ~80
Watts for 12 nsec pulses. These devices should be extremely broadband and we are
preparing to verify this prediction. This work has been published in reference
numbers 5, 6, 8, 11, 15, 16, 21, 22, 30, 32, 37, 39, and 4]1. This work has been
presented at conferences as listed under papers numbers 7, 22, 25, 29, 31, 34, 37, 38,
48, 52, and 53. Fundamental studies that led to the development of these
semiconductor limiters are on two-photon absorption and self-defocusing by
photogenerated carriers which are discussed in detail in reference 14, 19, and 26, as

well as reviewed in references 