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Summary

Optical nonlinearities of liquid crystals owing to laser induced

moleculer reorientation or laser induced thermal index change, were studied in

the context of optical wave mixings and real time imagings. The basic

mechanisms and the dynamics of the nonlinearities were studied in details in

theories, and in experiments using lasers of various time scales and temporal

characteristics. Quantintative documentation of nanosecond laser induced

thermal grating was performed for the first time, and further established the

optical imaging and switching capabilities of nematic liquid crystal film.

The conversion of infra-red images to visible images via real time optical

wave mixing process was also demonstrated. The capability of optical four

wave mixing to generate amplified reflection and self oscillation in nematic

liquid crystal film was also demonstrated for the first time. Such a process

will be useful for image processing as well as laser oscillator adaptive

optics applications. In this period, new optical intensity switching effects

using the transverse optical nonlinearity were also experimentally

demonstrated, that will find applications in optical switching and power self

limiting devices.

I'm
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I Introduction

Current research and development in optical imaging and signal processing

have largely employed the nonlinear optical and electro-optical properties of

certain crystals and thin film devices. In combination with new novel

nonlinear optical processes, and cw or pulsed lasers covering the UV to far IR

spectrum, useful high resolution imaging system with aberration correction

capability and other image processing capabilities, optical light modulators,

switches and various signal processing devices and adaptive optics

applications have emerged. Nevertheless, the number of useful nonlinear (or

otherwise) optical materials for meeting these new application demands is

relatively limited.

This proposal is devoted to a detailed study of the spec al nonlinear

optical properties of liquid crystal films for optical wave front conjugation

and in related four-wave mixing processes. The fabrication of stable, high

optical quality liquid crystal thin film has been established for many years.

Commercially, an ever increasing number of liquid crystal of wide ranging

physical characteristics are becoming available. These basic advantages,

together with the recently discovered extraordinarily large optical

nonlinearities make liquid crystals an attractive candidate for nonlinear

optical switches and devices. We anticipate that some of the processes under

study will in fact find immediate applications.

There are two distinct basic mechanisms for nonlinearity in liquid

crystal. One is the optical field induced reorientation of the axially

birefringent nematics. Perhaps the most important characteristics of liquid

crystals is their large optical anisotoopy Ae (Ac- 11-£j) is the dielectric

constant for optical field parallel, and perpendicular to the director



(optical) axis of the liquid crystal, respectively. Typically Ac ranges from

0.4 to 1. Recent discovery by this investigator that it is possible to induce

director axis reorientation with relatively low power lasers (with intensities

on the order of watts/cm2) had opened up a wide range of possibilities for

nonlinear optical effects and applications. Most of the pioneer work have

been conducted by this investigator in the past few years. Work done during

the period supported by the Air Force Office of Scientific Research is

detailed in the next section.

The other mechanism for optical nonlinearity is the naturally present

high thermal index gradients of liquid crystal, especially near the nematic

isotropic phase transition temperature Tc. At temperatures far from Tc, both

dne/dT and dno/dT (where ne and no are the extraordinary and the ordinary

refractive indices, respectively) are already higher than most high thermal

index materials (e.g. cyclohexane). Near Tc, the magnitudes of these two

increase by more than an order of magnitude. Since many nonlinear processes,

e.g. optical wave mixings, wave front conjugations, self-phase

modulation...etc., depends on the laser induce thermal index changes, these

effects can be observed in liquid crystals at much lower laser power (or

energy). More importantly, since the required refractive index change can be

achieved with high energy pulsed lasers, the (nonlinear) processes can also

occur with a fast on-time.

Our proposed program is centered on four wave mixings and related optical

processes based on these two nonlinearities. Our principle objective are to

(i) quantitatively characterize the wave front conjugation performance of

nematic liquid crystal film in the submillisecond require under pulsed laser

illuminations and (ii) to quantitatively study the optical imaging

capabilities of nematic films using cw or pulsed lasers, using light source of

lie
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visible or infra-red spectrum. To this end, our research during the first

year of the Air Force Office of Scientific Research support has been extremely

productive.

S
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II Research Accomplishment

In the following paragraphs, we will summarize our research

accomplishment into five broad categories. The related publications,

conference presentations and other forms of research records are listed in the

next section. A detailed plan for future work is described in the renewal

proposal entitled "Studies of Optical Wave Front Conjugations, Imagings and

Switching Properties of Liquid Crystals" that was submitted in July 1985 to

the Air Force Office of Scientific Research.

During the period 8/15/84 to present date:

1. We have conducted a thorough review of the theory and experiments on

the orientational optical nonlinearity of liquid crystals in their

nematic phase. We have compared and contrasted the nonlinearity with

those observed previously in the liquid phases. A detailed examination

of their dynamics (rise - and decay - times) and how these dynamics are

affected by various liquid crystalline parameters (like viscosity,

temperature, elastic constants...etc) and geometrical configurations

and laser intensity is performed. An important point that is borne out

in actual experimentations is that the response of the liquid crystal

reorientation can be faster if higher intensity lasers are used.

Nanosecond response is possible with Megawatt/cm 2 optical intensity.

The extraordinarily large optical nonlinearity associated with director

reorientation has also been utilized to gain further insights into

several nonlinear optical processes like self-focusing, self phase

modulation, optical bistability, nonlinear wave guiding and optical

ticj -.
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wave mixings. We have also developed a theory for the nonlocal

dependence of the director axis reorientation with respect to the

incident laser spot size, and conducted experimental measurements

that substantiated the theoretical results. These nonlocal dependence

will be important in assessing the amount of cross talks in optical

processing using multi-beams, and in the resolution limit in optical

imaging processes.

The details of these research findings and the possibilities for

future research work may be seen in the attached re/preprints.

2. We have also conducted a thorough theoretical analysis and experimental

study of the basic mechanisms and the dynamics of laser induced thermal

index change in nematic liquid crystals. In particular, we have

performed a calculation based on current molecular theory of nematogen

on both the ordinary and the extraordinary refractive index changes with

temperature, and the index (holographic) grating associated with two

laser beams mixings. Experimentally, we have employed nanosecond laser

pulses to generate the thermal grating and studied its rise and decay

time. Very interesting high frequency (GHz ) interference effects

associated with laser induced acoustic waves are observed in the first

100 ns of the rise part. The decay dynamics, and the anisotropy of the

dynamics were found to be in agreement with the theoretical expectations.

This detailed study has conclusively demonstrated that laser induced

thermal grating and index change in nematic Liquid can be a very useful

mechanism for applications; future research on this is clearly called

for.



The attached reprint from IEEE J. Quant Electronics discussed all these

in greater details.

3. In line with the thermal grating studies reported in item 2 above, we

have also looked into the quasi steady state case where the thermal

grating is induced by laser pulses on the order of ms, on the order the

thermal decay time constant. For this case, as discussed in the

attached preprints, the grating associated with two beam mixings can be

maximized if the grating spacing is large. In conjunction with the

extraordinarily large thermal nonlinearity, we have observed for the

first time wave front conjugation with gain in a nematic liquid crystal

film, and the related self-oscillations, using low power cw visible

laser. This opens up a rather exciting new area, e.g., the possibility

of image amplification, ring oscillator amplifier, etc., associated with

these two wave mixing processes. Moreover, the obsorption constant of

the liquid crystal can be increased with traces of disolved dye that

obsorbs in the IR regine, and thus one can extend all these studies to

IR lasers.

The attached preprint of an Applied Physics Letters (Nov. issue, 1985),

-. presents more details on this subject, and on our contemplated future

goals.

4. Related to items 2 and 3 is the process of so-called nondegenerate four

wave mixing, whereby the real time holographic grating is generated with



lasers of one wavelength, aria the image is reconstructed at another de-

sired wavelength. We have, as an example, demonstrated the possibility

of converting infra-red images to the visible. Obviously, the reverse

is also possible. It is also possible to have an incoherent to coherent

image conversion using a similar four wave mixing scheme, but it re-

mains to be demonstrated. An interesting observation is that using

liquid crystals "doped" with IR obsorbing dyes, IR laser energies on the

order of Imj/cm 2 or so are sufficient for the wavelength conversion,

and at a relatively fast time scale (nanoseconds on-time, microseconds

off-time). The details of the IR - visible image conversion process via

four wave mixing is reported in the August issue of Applied Physics

Letters (attached).

5. During this past year, we have also followed up on our previous research

expertise in transverse self-phase modulation and conducted studies on

some novel transverse switching processes. This includes optical power

limiting and laser self-bending effects. The studies are in the pre-

liminary stage but we have already obtained very interesting switching

results.

A brief version of this was presented at the January SPIE Conference

at Los Angeles. A more detailed description was published at the April

issue (1986) Optics Letters (see reprints enclosed).

- %



10

III List of Publications (Sept. 1984 - August 1985)

1. The mechanism and dynamics of transient thermal grating diffraction

in nematic liquid crystal films I.C. Khoo and R. Normandin, IEEE

J. Quantum Electronics QE21, 329 (1985).

2. Liquid crystals: nonlinear optical properties and processes I.C. Khoo

and Y.R. Shen, Optical Eng. 214, P. 579 (1985).

3. Infra-red to visible image conversion capability of a nematic liquid

crystal film.

I.C. Khoo and R. Normandin, Appl. Phys. Letts. 47, 350 (1985).

4. Wave front conjugation with gain and self-oscillation with a nematic

liquid-crystal film.

I.C. Khoo, Appl. Phys. Letts, Nov. issue, 1985.

5. Transverse self-phase modulation optical bistability.

I.C. Khoo, Invited paper, Proceedings of 7th International Conference

on Lasers and Applications (August 1985).

6. Passive optical self limiter using laser induced axially symmetric

and asymmetric transverse self-phase modulations in a liquid crystal

film.I.C.Khoo,G.Finn,R.R.Michael and T.H.Liu,Optics Letters 11,

227 (1986)

7. Nonlinear optical properties of liquid crystal films for optical

imaging processes.I.C.Khoo,Opt.Eng.25,198 (1986).

1111 ~ 4 N N .- - . - . ... ..
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IV Conference Presentations

1. Optical wave mixings in the mesophases of liquid crystals using

nanosecond lasers. I.C. Khoo, Presented at the 1984 Annual Meeting of

the Optical Society of America, October 1984.

2. Cavityless optical switching elements using nonlinear self-phase

modulation. I.C. Khoo and T.H. Liu, Presented at the 1984 Annual

Optical Society of America Meeting, October 1984.

3. Transverse self-phase modulation bistability in a nonlinear thin-film

theory and experiment. I.C. Khoo, T.H. Liu and R. Normandin,

International Conference on Lasers and Application -- Lasers '84,

November 1984.

4. Optical bistability of a dielectric cladded thin film near the total

internal reflection state -- theory and experiment -- I.C. Khoo and

J.Y. Hou. Presented at the Conference on Lasers and Electro-Optics,

1985.

5. Infra-red to visible image conversion using four-wave mixing in a liquid

crystal film. I.C. Khoo and R. Normandin. Presented at the Conference

on Lasers and Electro-Optics, 1985.

6. Nondegenerate four wave mixing and IR to visible image conversion in

liquid crystal film. I.C. Khoo et al, Presented at the 1985

Annual Meeting of Optical Society of America, Washington, D.C. (1985).
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7. Nonlocal transverse dependence of liquid crystal directory

reorientation and nonlinearity induced by a laser beam. I.C. Khoo et

al, I Presented at the 1985 Annual meeting of the Optical Society of

America, Washing D.C.

8. Saturation and nonlocal effect in transverse self-phase modulation

bistability. I.C. Khoo et al, Presented at the 1985 Annual

Meeting of the Optical Society of America, Washington, D.C.

9. Laser self power limiting and self bending effect using nematic films.

I.C.Khoo et al,Presented at the Jan.SPIE technical Conference,LA.CA.

10. Wave front conjugation with gain in a nematic liquid crystal film.

I.C.Khoo,Presented at the Jan.SPIE Technical Conference,LA,CA.
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Nonlinear optical properties of liquid crystals for optical
imaging processes

I. C. Khoo, MEMBER SPIE Abstract. We present an account of two recently observed nonlinear optical
The Pennsylvania State University imaging processes, wavefront conjugation and infrared-to-visible image con-
Department of Electrical Engineering version, in liquid crystal films. We include discussion of dynamics, efficiency,
University Park. Pennsylvania 16802 resolution, aberration correction, and noise removal in these two processes.

Subject terms: optical information processing; lasers; thermal indexing liquid crystals,
reorientation; nonlinear imaging.

Optical Engineering 25(2). 198-201 (February 7986).

CONTENTS included in preliminary reports. Specifically, we address the
I. Introduction conditions necessary for observing the effects, the diffraction
2. Wavefront conjugation efficiencies, rise and fall times, and other pertinent imaging
3. Infrared-to-visible image conversion characteristics.
4. Conclusion
5. Acknowledgments 2. WAVEFRONT CONJUGATION
6. References The theory of wavefront conjugation, an example of degener-

ate four-wave mixing processes, has been established for
1. INTRODUCTION many years. 9 An experimental setup for wavefront conjuga-
The theory and practice of liquid crystal director axis reorien- tion is shown schematically in Fig. 1(a). The object beam and
tations, and the associated electro-optical birefringence, by a the reference beam interfere to induce an index grating (a
dc or low frequency ac field have been established for many transient hologram) on the liquid crystal film by means of
years. Various optical imaging, image processing, modula- either the orientational or the thermal nonlinearity. The
tion, switching, and display devices are based on these rather reconstructing beam is retroreflected from the reference
simple physical effects. When integrated with other thin-film beam, and the image-bearing generated fourth wave traverses
materials (semiconductors, photoconductors, metallic films, back along the object beam path. There are several significant
etc.), liquid crystals become one of the most versatile optical advantages of this type of real-time imaging process, a few of
materials that find application in an ever-increasing array of which are high resolution, reflections with gain, and aberra-
optical information processing systems.' tion correction capability.

Recently, the feasibility of employing moderate power In an earlier wavefront conjugation experiment, 10 we
lasers to induce molecular reorientation in liquid crystals has showed that because of the extremely large optical nonlinear-
been demonstrated. 2 All three mesophases (nematics, smec- ity of liquid crystals, cw lasers of a few W/ cm 2 intensity suffice
tics, and cholesterics) exhibit extraordinarily large optical for visible phase conjugation results. We have also demon-
nonlinearity associated with the director axis reorientation. strated phase-aberrated corrections. More recently, we have
To date, however, the most conclusive theories and experi- succeeded in using a spatially partially coherent cw laser to
ments have been performed in nematics, which are also the remove the coherent noise that inevitably accompanies the use
most used materials for liquid crystal optical devices. 3 There of lasers for imaging. In nematic film, the problem is particu-
are two basic types of optical nonlinearities in nematics: (1) larly severe owing to extremely high scatterings from director
optically induced refractive index change associated with axis fluctuations. Figure 1(b) is an example of an extremely
director axis reorientation and (2) thermal indexing effect. degraded (by the coherent artifacts) reconstructed image
These nonlinearities have been studied in the context of self- beam in a wavefront conjugation experiment using a coherent
focusing,' degenerate four-wave mixing,5 self-phase modula- laser. The photograph is taken at a temperature near T,, the
tions,6 bistability,7 and optical switchings and have been transition temperature. At temperatures far from T,, the noise
reviewed in a recent article by Khoo and Shen.2  is less overwhelming but still very severe and is compounded

In this paper, we concentrate on two recently observed by the ever-present noise from random scatterings in the
nonlinear optical processes that bear on optical imaging optical system.
applications, namely, wavefront conjugation and IR-to- Two methods of removing the coherent noise in phase
visible image conversion. We discuss details that are not conjugation have been demonstrated to be quite successful. In

the method employed by Huignard et al., I a diffuser plate is
Invited Paper MD-I01 received June 29, 1985; revised manuscript received placed in the path of the object beam (pulsed laser), and
Oct. 4. 1985; accepted for publication Oct. 7, 1985; received by Managing multiple exposures are taken for various settings of the dif-Editor Nov. II. 1985.
* 1986 Society of Photo.Optical Instrumentation Engineers. fuser plate. In our collaborative study with Leith et al.,12 the

198 / OPTICAL ENGINEERING / February 1986 / Vol. 25 No. 2
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Fig. 2. Schematics of loser propagation in (a) a homeotropic nematic
liquid crystal film and 1b) a planar nematic film. K1 and R 2 are the
propagation wave vectors; Top is the optical field vector. The two
laser beams lie in a plane perpendicular to the paper and intersect at a
wave-mixing angle on the film.

(C) (dl

For orientational nonlinearity, ,A(K, - K2) has been cal-
Fig. 1. Wavefront conjugation. (a) Experimental setup. BS: beam culated 14 for the homeotropic and planar nematic films, as
splitter. M: mirror. R: total reflector. S: sample. E2 : reference bam. depicted in Fig. 2. A unique characteristic of nematic non-
E1 : object beam. E3 : reconstruction beam. A: aberrator. C: image. (b)
Image beam reconstructed with coherent laser. (c) Image beam inearity is that it is a collective phenomenon: it is extremely
reconstructed with spatially incoherent laser. (d) Aberrated beam. dependent on the boundary forces or torques. The optical

torques at the interference intensity maxima must overcome
not only the elastic restoring torque from the boundary plates,

cw laser was first rendered spatially partially incoherent by where molecules are rigidly anchored, but also torques from
collimation through a rotating ground glass. Because the rise molecules situated at the intensity minima.'4 The torque is
time of the conjugation process with cw laser illumination is inversely proportional to the characteristic length: in this case,
slow, the incident laser beam is practically averaged over the two characteristic lengths are the film thickness d and the
many settings of the rotating ground glass, so that a single grating constant X(K, - K2 ). The smaller these lengths, the
exposure recording of the image beam will suffice. As shown higher is the optical intensity needed to induce the same
in Fig. l(c) of the reconstructed beam and Fig. 1(d) of the amount of A77, and therefore the lower is the diffraction
aberrated beam, the technique both preserves the aberration efficiency. This has been verified in our experiments reported
correction capability and removes coherent noise. in Ref. 14. where details of the experimental results are also

Recently we demonstrated13 that wavefront conjugation given.
with a nanosecond pulsed laser is feasible using the thermal The magnitude of At due to laser heating depends to a
nonlinearity. Near T€, four-wave mixing with moderate laser large extent on the temporal characteristics of the laser. If cw
energy (5 1 mJ) is possible, with microsecond response (rise lasers are used. then the thermal diffusion process during the
and fall). We are currently investigating various means of grating buildup has to be accounted for. This is quite compli-
achieving coherent-noise-free wavefront conjugation imaging. cated and has hitherto not been addressed. On the other hand,

The diffraction efficiency for wavefront conjugation and if pulsed lasers (with pulse lengths shorter than the smallest
the related infrared-to-visible image conversion at the phase- diffusion time constant) are used, the analysis is simpler. In
matched Bragg's condition depend principally on the magni- this case, Ai7 depends simply on the heat capacity of the
tude of the induced index grating on (K, - K2 ) between the nematics, on the absorption constant of the nematics at the
reference beam (at K,) and the object beam (at K2). In the laser wavelength used, and to a great extent on the tempera-
absence of loss, the maximum diffraction efficiency Rmax is ture (whether close to or far from T,). Details of these for the
given roughly by Rmax = (K2 / 4 72)(,Ai7) 2d2, where d is the nematic PCB (4-cyano-4-pentylbiphenyl) for pulsed lasers at
thickness of the film (or interaction length, whichever is 5145 A have been presented.' 5 Typical values are Ai = 10-

shorter), K is the magnitude of K, and K2. and ,7 is the average for laser energies of approximately 20 mJ / mm 2 at Tc - T
refractive index. The magnitude of A7 depends on which 140. Near Tc. however, laser fluence on the order of I mJ will
nonlinearity is responsible for the wave mixing process. generate the same diffraction efficiency.

OPTICAL ENGINEERING / February 1986 / Vol. 25 No. 2 / 199
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(2)

A 7 K )2 + 2I 1

SOn the other hand, if the optical term is much larger than the

i -13c.elastic 
term

_____n 
4 ff (3)Comets.. ron Z_ A 2cOS(2fl) (3)

I) One interesting possibility is that the rise time can be

decreased with the use of high intensity lasers. Nanosecond
laser-induced molecular reorientation has been demonstrated
by Hsiung et al." . The decay time, however, is at best on the
order of a few ms for d or X on the order of a few Am. In the
case of thermal grating, the rise time is on the order of the laser
pulse length. The fall time depends on the heat diffusion

Kprocess, the sample thickness, the grating constant, and the
diffusion constant. 7 Decay times on the order of 50 to 100 ,s
were observed in our experiment involving X on the order of
20 Am.

K2K3 3.- INFRARED-TO-VISIBLE IMAGE CONVERSION

Using a thin-film geometry. or the phase-matched Bragg

(b) scattering configuration, it is possible to create a holographic

Fig. 3, Infrared-to-visible image conversion. (a) Experimental setup. phase grating with reference and object beam at one wave-

(b) Phase matching of the four interacting waves. Dotnitd lines show length and reconstruction and image beam at another wave-
the configuration used in Ref. 18. 71 : reference beam. K 2: object length. An example of this special case of four-wave mixing is
beam. 73: reconstruction beam. K4: image beam. the so-called infrared-to-visible image conversion, where the

object and reference beams are in the infrared, and the recon-
struction and the image beams are in the visible [Fig. 3(a)].

The rise and fall times of these nonlinear processes depend There is obvious practical usefulness of such an image conver-

on several factors. In the orientational process, the rise time sion process. As detailed by Martin and Hellwarth,iI this

ro and fall time -off are given by expressions similar to those four-wave mixing process can also yield high image resolution
involving dc fields, with the optical field Eop replacing the dc capability. Typically, the number of resolution elements is on

field Edc, and with the appropriate values for the dielectric the order of 10' or better.

anisotropies. 2.' 6 Because the optical field can make an arbi- The resolution of the imaging process obviously depends
trary angle with the director axis, depending on the laser on the relative configurations between the various interacting
propagation direction, the rise time is also dependent on the beams. The geometry employed by Martin and Hellwarth is of

configuration. In general. the smaller the grating constant (or the "folded" or "wavefront conjugation-like" type [see Fig.

thickness of the film, whichever is smaller), the faster is the 3(b)], whereas the geometry we used is the "forward" wave-
response. ro, and roff are proportional to \ 2 (or d2), greater mixing type. In both cases, the angle Vi is the Bragg scattering
than the viscosity, and inversely proportional to the elastic angle. In our configuration the amount of variation in 0 (the

constant, as we will presently see. angle between K, and K2) that would still allow for phase

More specifically, consider the four-wave mixing geometry matching (i.e., AKI. < 7r) is given by 21ro6 = 4rr2 [KI d I I +

depicted in Fig. 2(a) or 2(b). Because the film is thin (50 Am or (KI /K 3) I l-I. The diffraction solid angle of the object beam,

so) and the beam sizes in all the wave mixing experiments are which subtends on area A on the sample, is given by OD =

much larger (on the order of millimeters), the two beams can 4 2/K A. This gives the number of resolution elements N --
be assumed to be plane waves. Their interference, therefore, 6 '/ b as
sets up a grating in the y direction, with grating wave vector
Ki - K2 and a grating constant A (X = 2r/ 1 I - K2 I). The N AK)
reorientational angle 0 thus possesses spatial variation in both ti o+ (KI /K 3)I
the z and y directions (see Ref. 14). Using a simplifying one-
elastic constant approximation, the dynamics of the process This differs from N for Fig. 3(b) (dotted line) by the denomi-
may be described byIs nator.i" Since K, and K. are quite different for infrared-to-

visible conversion, this difference in the denominator amounts
do /d 2 8 d2 ae o o sin2) 1 to a factor of unity in N. For very nonlinear material (e.g.,

t K \ 2 + - +2  4- 2 • (I) liquid crystals), the use of a thinfilm(smalld) willincrease the
resolution capability considerably more than this unity factor

If the optical field term is smaller than the elastic term, then between the two types of geometry.
since 0(y) = sin[(27r )y] and O(z) -sin[(7ri d)z]. and follow- Two unique characteristics of nematics make them far
ing the usual analysis,'I one gets a response time (rise or fall) superior to the materials (mostly organic liquids doped with
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Liquid crystals: nonlinear optical properties and processes

I. C. Khoo Abstract. Liquid crystals as nonlinear optical materials are reviewed Potential
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University Park. Pennsylvania 16802 response time of these materials make them unique for studies of some highly
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CONTENTS As far as field-induced reorientation through induced dipoles on

I. Introduction ofmolecules is concerned, dc and optical fields are basically equivalent

2. Optical nonlinearity of liquid crystals aside from dispersion. In the mesomorphic phases. a dc field of

3. Nonlinear optical effects in liquid crystals -100 V/ cm is often sufficient to induce a significant reorientation of

3.1. Harmonic generation the molecular alignment, leading to an average refractive index

3.2. Degenerate wave mixing and phase conjugation change as large as --0.01 to 0.1. The corresponding optical beam

3.3. Self-focusing and self-phase modulation intensity is only -100 Wicm2 , which is readily obtainable from a cw

3.4. Optical bistability argon laser. Such a high optical nonlinearity is not easily found in
4. Conclusion other materials and renders liquid crystals ideal for studies of non-
5. Acknowledgments linear optical effects resulting from laser-induced refractive index

6. References changes. The rather uniquefeatures of liquid crystals as nonlinear
6optical media are that the samples are inexpensive and easy to

prepare. the induced refractive indices are highly anisotropic. and the
response times are very slow. Laser heating of liquid crystals in the

1. INTRODUCTION mesophases can also lead to a change in the optical anisotropy. The

Liquid crystalline materials are generally composed of highly aniso- response times of the laser-induced thermal effect and the laser-

tropic molecules. Strong correlation in the orientations of such induced molecular reorientation are, however, quite different.

molecules can lead to the mesomorphic phases in which the mole- Although liquid crystals are birefringent in the mesophases. they
cules are orderly aligned and the medium behaves like an anisotropic are generally centrosymmetric(except in the cholesteric phase, where
fluid.'.- The degree of molecular alignment as well as the direction the helical molecular arrrangement is weakly centroasymmetric.)

• can easily be changed by external perturbation.'L As a result, liquid Therefore, in such a medium. second-order nonlinear optical pro-
crystals form a unique class of optical materials that have attracted cesses are forbidden and only third-order processes have been stud-
much attention in the past 15 years. They are strongly birefringent ied extensively. Most of the work has concentrated on studying
and exhibit huge electro- and magneto-optical effects. Therefore, nonlinear optical effects arising from the optical-field-induced
they have been used in practical applications as sensing. display, and refractive indices in liquid crystals. These studies have included
memory devices.3 4  self-focusing,.-10 self-phase modulation. "." degenerate wave mix-

Liquid crystals are also highly nonlinear. Since they differ from ing,.,-' 6 phase conjugation.,i and optical bistability.'1 - 2' The slow

ordinary organic liquids only in molecular arrangement, the eiec- response of liquid crystals, though detrimental from the practical

tronic contribution to the optical nonlinearity in such materials is not device point of view, makes transient studies of these effects fairly

expected to be very different from those of ordinary liquids. Optical- easy and interesting and provides some new features to these other-

field-induced molecular reorientation is. however, much more signif- wise well-known nonlinear optical phenomena.'- 1. i-21

icant in liquid crystals because of the strong molecular correlation. In the following sections. we first present a general description of
the physical mechanisms giving rise to the optical nonlinearity in the
various pnases of liquid crystals and then briefly discuss a number of

Invited Paper NO-10S receiver Jan 9. 19MS revised manuscript received Feb. 13. 1985; nonlinear optical processes that have been observed in liquid crystals
accepted for publication Feb 13. 1985: received by Manapins Ediior April 8. 1985.
9 1985 Society of Photo-Optical Instrumentation Entiner. .nd their possible applications.
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2. OPTICAL NONLINEARITY OF LIQUID CRYSTALS
The electronic structure of liquid crystals is mainly dominated by - l
that of individual molecules. The electronic contribution to optical
nonlinearity in liquid crystals is therefore essentially the same as that
in liquids. It is generally not exceptionally large, and so we will not MUBA
dwell on it here. Instead, we shall discuss only optical nonlinearity
arising from molecular motion, namely, molecular reorientation s!
and laser-induced thermal effect.

Consider first a liquid crystal in the isotropic phase in which 4
molecules are randomly oriented. In the presence of a linearly polar-
ized light, the molecules are partially aligned by the optical field. Thedegree of alignment is usually described by the so-called orients- 3,

tional order parameter Q (with Q = 0 and Q = I referring to
random distribution and perfect alignment, respectively). We can 2
define Q in terms of the optical susceptibility tensor X.22. 23 Assuming
that the field E is along 1, we have

2 Z

Xxx= X+  Q o  , o

Xyy Xzz = X- AXoQ ,

whereX = (Xxx + Xyy + X;z,)/ 3 is the average linear susceptibility " a '
of the medium and AX, is the anisotropy when the molecules are 0
perfectly aligned (Q = 1). In the isotropic case, the optically 2 7 M8A
induced Q is expected to be much smaller than one and can be shown -

to be of the form

AX0oEI 2  5

T -T (2)

Here, TO is a fictitious second-order phase transition temperature
that is somewhat below the actual isotropic-mesomorphic transition W
temperature TNi (TNI - T* is often less than I K). Thus, Q should f I
diverge with (T - T)')- as T approaches TNI. Such a pretransi-
tional behavior is commonly known as critical divergence. Physi- 0
cally this happens because the molecular correlation begins to set in TEMPERATURE (°C)
as T approaches TO. The changes in the refractive indices, Anxx (b)

-2Anyy = -2Anz = (87r/3)AXoQ, are directly proportional
to Q and hence to (T -zT*) -'. Fig. 1. (a) Nonlinear refractive index as a function of temperature for

The above critical characteristic of liquid crystals has been veri- MBBA. The Aareexperimental data from optical Kerr measurements, and
fled experimentally. 22.23 As an example, Fig. I(a) shows that the o are experimental data from ellipse-rotation measurements. The
6n = nxx - n of p-methoxy-benzylidene p-n butylaniline solid curve is given by 5.4X10-/(T-Tc) with 314.7 K. (b) Relaxation
(MBBA) indeedJaries with (T - T) -' as T approaches TNl. [in the time t L of the order parameteras a function of tamperatureforMBBA.The
figure 0 is defined as(ni rlE12 )6n withn = (nxx + nyy + nz,.)/3.] solid curve is the theoretical curve, and the dots are the experimental data

Because of critical divergence. 6n/1 E 12 becomes as large as 10- esu
even at T - TNI = 5 K, which is almost 100 times larger than that of
CS2. Generally associated with critical divergence is the critical
slowing-down behavior; that is. the response time 7 of 6n is also
proportional to (T - TO)- I, as shown in Fig. I(b) for MBBA. At applied magnetic field. Because of the correlated molecular response
T - TNI = 5K. 1 becomes as long as 100 ns. We can define a figure (or the correlated spin response in the ferromagnetic case), the result-
ofmeritf = Anxx/IEl 2r = (27r/ 3n)p/ rto describe the strength of ing change in the refractive indices (or effective magnetic susceptibil-
a nonlinear medium in practical applications when both the magni- ity in the ferromagnetic case) is extremely large but slow. Realizing

* tude and the speed of response of an are important. For liquid that the dc and optical fields are equivalent in orienting the molecules
crystals in the isotropic phase, we find if no permanent dipole is present, we know that a laser intensity of

-250 W/cm 2 (E = 300 V/cm) is capable of inducing an average
f (AX)( refractive index change of 0.01 to 0.1 in a nematic film,24- 31 but the

response time can be more than a few seconds.
" Detailed theoretical and experimental studies of optical-fieid-

* where v is a viscosity coefficient. For example, we have from Fig. I, induced reorientation of molecular alignment have been carried out
f = 6 X 10-3 esu/s. on homeotropic nematic films (i.e., molecular alignment perpendicu-

In the mesophases. molecules are highly correlated. The optical lar to the film) with extraordinary laser beams. 24- 31 The direction of
field is no longer strong enough to modify the degree of molecular molecular alignment (known by the director) should obey the Euler
alignment in any appreciable sense, but it is strong enough to reorient equation derived from minimization of the free energy of the system.
the direction of molecular alignment. This is quite analogous to the Let O(z) be the angle the director makes with the surface normal at the
reorientation of magnetization of a ferromagnetic domain by an position z in the film. (see Fig. 2). Then, we have32
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Fig. 2. Experimental data and theoretical curves for the phase shift A*
induced in a 250 am. homeotropically aligned, 5CB film by an Ar+ laser Fig. 3. Refractive indices of 5CB versus temperature. measured by the
beam at different angles a: circles and solid curve. a=O*; solid triangles surface plasmon techniqueIopen circles) and bythe critical angle method
end dashed curve. a=3*; squares and dotted curve, a=I 10. Inset shows (solid circles). (After Rof. 39.)
the experimental geometry.

;J [0(8) - G(Om)1 (0 versus 1). If the operating point on the a = 0 curve is set near the
= I H , (4) transition threshold in Fig. 2, then a pump intensity of a few W/cm2

is already sufficient to induce a 7r phase shift. Such an intensity is

where obtainable even with a focused He-Ne laser beam. The average value
of the induced refractive index change across the film in this case is

"sin2 a) i I An- 10- 3 , or An/EI 2-2X10- 2 esu, which is 2X109 times larger
(-) 2 ele.si . - sin2a) than for CS2.

- e'ti sn - As one would expect, the very large An is generally associated
(5) with a very slow response. The dynamic response of director reorien-

tation is quite complex. With some simplifying assumptions, it can
H(8) = (KI sin2 0 + K3Cos20), be shown that the induced phase shift obeys the following relaxation

2 sequation3 3 :

where e,, and e, are the optical dielectric constants parallel and
perpendicular to the director, respectively. I is the incident laser +( 8 1 -1(8
beam intensity, a is the incident beam angle measured in the medium, (8)
and KI and K33 are the splay and bend elastic coefficients, respec-
tively. The solution of Eq. (4) is subject to the boundary condition where a6 is a constant depending on the initial orientation of the
0 = 0 at z = 0 and z = d. If a normally incident probe beam is director and re =--y/[r 2 K/d 2 - G] is the relakation time, where -y
now used to measure the reorientation, it should experience a local is a viscosity coefficient and G is a function of the bias field. Both
extraordinary refractive index theory and experiment show that -r is of the order of afew seconds to

' N Ih a few tenths of a second for a 56B film of -100 Am. Taking the

n(z) = (6) average An/1Ef 2 to be -2X10 - 2 esu, we have a figure of merit
n ()= cos 26 + t sin 6 = An/(tEI 2re) = 2X10-3esu/s, which is about the sameasthat

for 5CB in the isotropic phase. In comparison, .8 is -5 esu/ s for CS2.
The overall phase shift induced by the optical field across the film is Thus, in some applications, if both the speed and the magnitude of
then given by the nonlinear optical response are important, then nematic liquid

d crystals are certainly not the best materials to be used in spite of their
26 - very high An/E 12.

f n(z)- ' dz . Director reorientation by optical fields can in principle also occur

0 in smectic and cholesteric liquid crystals. The situation is, however,
much more complicated because of additional constraints arising

Figure 2 shows the calculated 4, versus I induced in a 250 Mm from the ordered structures characteristic of such phases. Although
homeotropic 4-cyano-4-pentylbiphenyl (SCB) film at three different theoretical calculations predict the possibility of observing director
incident angles. The theoretical curves are in good agreement with reorientation in these materials,m- 37 thorough experimental studies
the experimental result. We noticed that in the a = 0 case, reorien- of the effect have not yet been carried out.
lation occurs only when the pump beam intensity is above a thresh- Aside from laser-induced molecular reorientations, laser heating
old value. Analogous to the dc-field-induced reorientation, such a can also induce a change in the refractive index of the liquid crystal.38

critical behavior is known as the Freederickscz transition. As seen in Even in normally transparent liquid crystalline materials, residual
Fig. 2, near Freederickscz transition a small change in the pump adsorption of a laser beam can lead to a detectable temperature rise.
intensity I can induce a rather appreciable change in the phase shift. For example, propagation of a 350 W/cr: 2 cw Ar' laser beam
One can use a bias field, which can be either optical or dc, to through a 100 Am 5CB film results in a temperature rise of
selectively place the initial operating point on the characteristic curve -2 K on the beam axis. The refractive index change due to heating is
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given by symmetry. Phase matching can be achieved by proper choice of the
6n polarization and wave vector of the fundamental beam with respect

An AT (9) to the director axis. The observed nonlinearity is comparable to that
6T observed in CS2 . Saha and Wong'0 have shown that the process

could be used to study nematic ordering. They pointed out that
In the isotropic phase, an aT is not very different from those of smectic liquid crystals, because of their relatively lower scattering
other organic liquids and is generally dominated by thermal expan- loss and the possibilit% of fabricating large crystals, could be devel-
sion. Typically. an aT is of the order of 5X 10-4 K. In the meso- oped into useful harmonic generators. but experimental demonstra-
phases. the temperature rises also affect the degree of molecular tions remain to be seen.
alignment and hence the refractive indices. Similar to Eq. ( I). we can Third harmonic generation has been observed in cholesteric liq-
define the order parameter Q of a nematic liquid crystal by the uid crvstals.4l -

4 In this case, phase matching can be achieved via the
relations Umklapp process with the help of the helical structure in cholesteric

- 2 liquid crystals, as demonstrated by Shelton and Shen. Experimental
* nxx = n + - AnoQ . results agree very well with the theory based on the continuous model

(10) proposed by deVries."

nY) = n3 n-AnoQ . 3.2. Degenerate wave mixing and phase conjugation

' We then have There have been extensive studies of degenerate wave mixing in
*liquid crystals. The process involves the formation of a refractive

a nxx ain 2 aAno  2 aQ index grating in the medium by input laser beams, followed by
= + Q + - An, diffraction of the input beams by the grating. As is well known, phase

aT aT 3 T 3 -T conjugation is just a special case of degenerate four-wave mixing.
Fekete et al. have successfully employed isotropic liquid crystals

an 2 aQ for phase conjugation.'5 As was discussed in Sec. 2, liquid crystals inS +- - An •
- T 3 -aT the nematic phase have much larger optical-field-induced refractive

(II) index changes than in the isotropic phase. Degenerate wave mixing
6nxx an n aQ and phase conjugation can therefore be observed even with low

- ' power cw laser beams17."9

aT aT 0 M ultiple-order diffraction shows up when the laser intensities are
of the order of tens of W/cm2 . If the values of the optical-field-

Figure 3 shows. as an example, how nxx and nyv of 5CB vary with induced refractive index changes are known, the diffraction pattern
* temperature. ' In the nematic phase, the term Aho0(8Q/ 8T) is of the and efficiency in the thin-film case can be quantitatively described by

same order of magnitude as 8 n / aT. which is nearly the same as that a simple theory of induced phase modulation on the incoming beams.
in the isotropic phase. It is possible to use beams at one frequency to induce a refractive

The dynamics of the laser-induced thermal effect are also very index grating, which subsequently diffracts an incoming beam at
complex. With simplifying approximations. the induced phase shift another frequency. This has been demonstrated with Nd:YAG and
OT" across a film can be described by a thermal relaxation equation He-Ne lasers in a nematic film. The process could find practical
driven by laser heating33: applications in infrared-to-visible image conversions. 46.47

Phase conjugation (or wavefront reconstruction) using liquid
"/O( crystals often suffers from speckle noise associated with a coherent

( T =(12) beam [Fig. 4(a)]. This can be eliminated 48 if the input beams in the
process are made partially incoherent by passing the laser beam
through, for example, a rotating ground glass. A typical conjugated

where aT is proportional to the absorption coefficient, rT - d2/ D beam is shown in Fig. 4(b). The absence of the background speckle
is the relaxation time, and D is the heat diffusion constant. For a noise is also evident from the photo of the partially incoherent beam
100 um film, rT is of the order of 0. 1 s. which could be two or three distorted by the phase aberrator [Fig. 4(c)]. The idea here is to impart
orders of magnitude shorter than the orientational relaxation time sufficient incoherence to the background noise while retaining suffi-
'0. If we take An/E12 -10-3 esu and rT - 0.1 s for the laser- cient coherence for wavefront reconstruction.

induced thermal effect, the corresponding figure of merit '6 =
An/I E IT is -10-2 esu/ s. Both laser-induced molecular reorienta- 3.3. Self-focusing and self-phase modulation
tion and laser-induced thermal effect may influence the observednonlinear optical effects in liquid crystals, as will be shown in the A laser beam with a transverse intensity profile should induce a
noloinr optic s ispatially varying refractive index, which could lead to a spatial
fo scnself-phase modulation on the beam and possibly to self-focusing of
3. NONLINEAR OPTICAL EFFECTS IN the beam. Similarly, the time variation of a pulsed laser beam could

NNI A T also lead to a time-varying phase modulation on the beam itself.
LIQUID CRYSTALS The study of self-focusing in liquid crystals dates back to the early
Nonlinear optical effects in liquid crystals are readily observable. 1970s, when the self-focusing phenomenon itself was under intensive
Because of the difference in the magnitudes of optical nonlinearities, investigation. In particular, transient self-focusing was difficult to
studies of nonlinear optical processes in the isotropic phase generally understand. It turns out that the induced refractive index in an
require fairly high-power pulsed lasers. On the other hand, for obser- isotropic liquid crystal has a response time that can be varied by
vation of nonlinear optical effects in mesophases. a medium-power temperature over a wide range (a few ns to I us) because of the critical
cw laser beam would suffice. Here, we briefly describe a variety of slowing-down behavior. Consequently, such a medium is ideal for
nonlinear optical processes in liquid crystals that have been studied the study of transient self-focusing. Typically, the experiment uses a
quite extensively in the past and also some of the newly observed laser intensity on the order of 102 M W/ cm2 and a beam propagation
interesting phenomena. length of about 10 cm in the medium. In traversing the medium, both

the laser intensity and the phase undergo severe distortion.
3.1. Harmonic generation Self-focusing also occurs in nematic liquid crystal films. but the
Bulk liquid crystals are centrosymmetric. Second harmonic genera- situation is very different. The typical film thickness is -100 Mm;
tion is allowed only if a dc field is employed to break the centro- even so. because of the extremely large nonlinearity in the nematic
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enough for the observation, Two different schemes' 1 - 2' have been
used to achieve optical bistability. One is the usual nonlinear Fabry-
Perot interferometer with an intracavity nematic film; the other
utilizes self-focusing with an external feedback. m L LC 2 L Fl, Sp d

In the nonlinear Fabry-PL, ot interferometer of Khoo et al.,I -ZI a P - , .

50 trm homeotropic sample tilted at 450 in a 4 cm long cavity was JI-
used. Bistability was observed with an Ar+ laser at an input intensity ___

of about 600 W/cM 2. Formation of spatial rings and oscillatory - l , -
behavior in the output were observed at high input intensity. Cheung m1  p d in out
et al.'$ took a much shorter cavity formed by a 83 psm film sand-
wiched between two mirrors. A magnetic field was used to move the (a)
operation point above the Freederickscz transition in the film (see
Sec. 2) in order to increase the optical nonlinearity. As a result, a
much smaller laser intensity was needed for bistable switching 30

(-10 W/cm2). At higher input intensities, the output broke up into
periodic oscillations. This was found to be due to the interplay
between the laser-induced reorientation, which contributes to a posi-
tive phase shift with a slower response time, and laser heating, which
contributes to a negative phase shift with a faster response time. The a 2 0

experiemental results were shown to agree well with the theoretical
calculation. The same reason probably also explains the oscillatory
behavior observed by Khoo et al.

Study of optical bistability resulting from self-focusing with
external feedback is a relatively recent endeavor. The experimental -1 to

situation is schematically depicted in Fig. 7(a). A laser beam with a
certain predescribed wavefront is incident on the nematic film, and

Z

the transmitted beam is partially reflected onto the film by a mirror o

to create a feedback in the field-induced refractive index in the film.
The variation of the output through a pinhole behind the mirror with 000 055

the input laser power exhibits optical bistability. INCIDENT LASER POWER fWATTS

A detailed theory for such a cavityless optical bistability proposed
earlier by Kaplan49 has been worked out.s0. 51 Essentially, with a 1b)
proper arrangement of the lens, mirrors, and the wavefront of the
input beam, the feedback can reinforce the self-phase modulation
effect, leading to bistability. Figures 7(b) and 7(c) show some exam- 3o
pies of the observed bistability curves, with the pinhole at the on-axis
and the off-axis locations, respectively. z

4. CONCLUSaON 20

We have presented a brief summary of the basic nonlinear optical
properties of liquid crystals and some observed nonlinear optical C

processes in liquid crystals. The unique physical and optical charac-
teristics of liquid crystals open up some exciting areas of research
that are of fundamental as well as applied interest. There are a o

number of other experiments in this field that we have not discussed
here. Recently. Hsiung et al.33 have used nanosecond laser pulses to
study the dynamics of molecular reorientation as well as the laser-

induced thermal effect in a nematic film. Khoo and Normandin have oo
observed the generation of ultrahigh frequency acoustic waves and INCIDENT LASER POWER IWATTS)
their effects on the laser-induced thermal gratings by nanosecond
laser pulses in nematic" as well as smectic liquid crystals.36 Optical Ic)

switching at a nonlinear interface formed by nematic liquid crystals
and glass!" 5,s and nonlinear optical propagation in a planar wave- Fig. 7. (a) Experimental setup for observation of transverse intensity bi-
guide cladded by liquid crystals"9 have also been observed. Although stability. (b) Experimentally observed bistability of the power in the can-

o c ntral region of the transmitted beam. Ic) Experimentally observedthere are physical limitations to the use of liquid crystals in optical bistability of the power in the Ot-axis region of the transmitted beam.
devices (the most serious of which is the response time). nonlinear (After Ref. 51.)
optical studies in liquid crystals have continuously provided us with
some new insights into the basic understanding of optical phenom-
ena in a nonlinear medium and also into the potential applications of
such materials.
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The Mechanism and Dynamics of Transient Thermal
Grating Diffraction in Nematic Liquid Crystal Films

lAM-CHOON KHOO, MFMBR. IIl.t. AND RICHARD NORMANDIN

Abstract-We have studied the mechanism and the dynamics of' degen- X,.

crate four-wave mixing in a nematic liquid crystal film. Nanosecond laser
pulses are used to generate an index grating associated with the changes op

in the density and in the order parameter. We have measured and ana- Aa' lyzed the contributions from these two mechanisms, their interference 60 , IP

effects rise and decay time constants, and have also performed a detailed I
analysis of the diffraction efficiency. This study quantitatively chatac- nemoc slide
terizes the potential usefulness of nematic films for four-wave mixing lquid
based applications. crystO

(a) (b)

INTRODUCTION Fig. 1. Schematics of the laser nematic interaction in two typical ne-
ITO I matic cell. (a) Homeotropically aligned nematics. (b) Planar nematic

ECENT studies have demonstrated extraordinarily large cell. Case (i) is for extraordinary ray. Case (ii) for ordinary ray (E,,p

jL. optical nonlinearity of nematic liquid crystal arising from is orthogonal to the nematic director axis).

the optically induced reorientation of the molecular director
axis 111-131. The nonlinearity has been shown to be several analysis of the basic mechanism for thermal indexing effects in
orders of magnitude larger than that exhibited by a typical an- nematic liquid crystals, whose refractive index in the nematic
isotropic liquid like CS 2 and is in the same order of magnitude phase depends on the density p (as in liquid and crystals) and
as those observed in some nonlinear photorefractive crystals the order parameter S (unique for the liquid crystal phase).
(e.g., BaTio 4 ) or semiconductors. The response time of mo- Degenerate four-wave mixing experiments are carried out with
lecular reorientation in nematics is dependent on the optical nanosecond laser pulses, and results for various parameters
intensity, ranging from seconds (optical intensity _ W/cm 2 ) such as the diffraction efficiencies, the grating decay and on-set
to microsecond or less (optical intensity _ MW/cm 2 ) . among time, acoustic contribution, etc., are obtained. In the next
other factors. Wavefront conjugation 141, optical bistability section we will review the relevant theory of nematogen and
[5. and other optical processes 161 have been demonstrated some quantitative expressions for the laser induced density
using CW low-power lasers. In some nematic liquid crystals, e.g., and order parameter gratings, and the roles played by various
MBBA (p-methoxybenzylidene-p-n-butylaniline), an equally nematic, geometrical, and optical parameters. This is followed
large thermal indexing effect 111 , [71 has been observed, due to by detailed experimental results and an analysis.
the crystal's natural absorption and unusually high thermal in-
dex gradient dn/dT (where n denotes the refractive index and TttI-.ORI:TICAL CONSII):RATIONS
T the temperature). Laser induced thermal refractive index Under excitation by nanosecond laser pulses, the thermal
change in liquid crystalline media is a well-known effect, and indexing effect in nemalic is due to some finite absorption by

- has been studied in many other contexts 181. Recently, ther- the nematic at the wavelength of the laser. The absorption rale
mal grating has received considerable attention in the study of varies from material to material, and may oftei be aided by
degenerate four-wave mixing as a useful mechanism For high- some dissolved dyes. It is perhaps more illuminating ifwe limit

-* power wavefront conjugation I9I 1101. Martin and Hellwarlh, our attention to some exemplary geometries of interaction be-
" for example. have studied a wide variety of liquids with dis- tween the polarization of the laser and the director axis of the
-./, solved dyes in infrared-to-visible image conversion processes. nimatic, for two commonly occurring nematic cell alignments

Others have shown amplified refections and high fidelity phase (planar arid homoeotropic). As depicted in Fig. I(a) and (h),
aberration corrected imaging results 1111 .1121. the optical propagation makes an angle 0 with respect to the

In this paper, we preseni detailed experimental results and ninatic director axis Pi. In Fig. Il(a). the beam propagates as
an extraordinary ray with a refractive index ite given by 1131
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I , constants e IQ Q') and eI (it-) are given by

f -508= RCA ell = el(T) + 2/3 Ae(T) (2)
f494. 31;02 ,4

TRIG R71j and

50'. --. I c . _ et e(T) - 1/3 Ae(T) (3)

where el(T) is the dielectric constant associated with the ne-
% 6

3
m matic in the zero-ordered phase (S = 0)

f. 914,.. (a)

Np
... . .... e= I + (alk, + 2aTkT)" e1  I + const. p. (4)

.p is the density of the nematic and aI.T and k1 T are the
S..longitudinal and transverse components of the molecular elec-

- .. .tronic polarization tensor a and the internal field tensor K '

(b) The dielectric anisotropy Ae is given by

Fig. 2. Schematics of the experimental setup. o is the wave-mixing Np
in air. (9 in liquid crystal is 2/3 of 0 in air). The incident Nd:YAG A = (atk, - OtTkT); 'Ie (5)
SHG pulses and the He-Ne lasers are all in the same plane. (a) A sin- c°M
gle mode pump laser pulse. (b) A modulated two-mode pump laser where S is the order parameter. The order parameter in most
pulse. Intensity profile as a function of time. Time scale: 10 ns/div. were S is w e r pr amted the e prtenn.nematics is well approximated by thle expression.

Depending on the laser wavelength and intensity, the opti- ( TV2  o.22
cally induced refractive index change originates from molecu- S = -0.98 (6)

lar reorientation and/or thermal heating. Pulsed laser induced
molecular reorientation can occur in the configurations de- where TNi is the nematic - isotropic phase transition tempera-
picted in Fig. l(a) and (b) [case (i) [14], [15]. The basic ture, and V's are the corresponding molar volumes. In general,
mechanism is similar to that observed using a CW laser, with a therefore, the dielectric constant e of a particular nematic is a
rise time that depends on the laser intensity. Typically, one function of p and S, which in turn depend on T.
can estimate using well-known nematic theory that an optical Studies of thermal index change in nematics can be extremely
intensity on the order of 100 MW/cm 2 is needed to see signifi- complicated, since almost all the parameters mentioned so far
cant reorientation in the nanosecond time scale. Under this in- (p, S, V), and other parameters (e.g., specific heat) that are im-

tensity, the accompanying thermal index effect is very large and portant in wave mixing diffraction efficiency are lemperature

tends to mask the reorientational effect. There is also a practi- dependent. It is futile and probably meaningless to account
cal consideration not to involve the molecular reorientation, for all temperature dependences. We shall focus here on the
which is characterized by a very slow recovery time (typically induced densit , and order parameters changes, whose effects
about I s for a 40 pm thick sample). dominate the wave mixing processes.

For incident optical fields at 0 = 0. two distinct thermal in- Equations (4) and (5) can be rewritten to give

dex changes are induced Anll and Ani, corresponding to case
(i) and case (ii), respectively. We shall henceforth limit our e1 = I +C1 p (4a)
discussion to the planar sample depicted in Fig. I(b). Similar and
results have been obtained for the homeotropic sample IFig.
I(a)jwhere the thermal index gradient involved is dnt/dT. Ae = C2 pS (5a)

We are interested in a degenerate four-wave mixing configura-
tion. As depicted in Fig. 2. the applied optical field consists of where C, and C 2 are constants deducibie from (4) and (S).

Front known values of' p( I gin - cin- '). S(0.6), Ac(0.6S).
two lasers intersecting at a wave mixing angle 0 in the xv plane ard e1 ((I.53)2) for PCB (at 20"'), we get C -1.33 and
and incident at an angle 0 = 0 on a planar sample with the po-
larization parallel to or perpendicular to the director axis. We ('2 - 1.12. combining (4) and 15) and using n1 = C. we get

have used wave mixing angles ranging front I to 120. corre- dn ip dS ]
sponding to optical grating constant ranging between about 1.33 0.37S -- 0.37 - (7)
34 pm (10) to about 5 pm. The grating is characterized by a

wave vector 4(4 = k - k2 ). In case (i). j is almost normal to For PCB, S ranges from about 0.6 (at 20'C) to near vanishing
n while in case (ii). q is almost parallel to it. Obviously, for a value at Tn,. Notice that for dnjf/dT, we get a similar expres-
finite wave mixing angle, the grating wave vector qi is not ex- sion as (7) with the numerical factor (- 0.37) on the right-hand
actly normal (or parallel) to n. However, since the wave mixing side replaced by (0.74). Both dp/dT and dS/dT are negative.
angle is small, the correction factor for components in the However, dS/dT is larger in magnitude and therefore dni:/dT
directions other than the ones stated is small and may be is negative and dnI/dTis positive.
neglected. Some numerical estimates may be illustrative. Consider PCB

Following standard nematic theory, the optical dielectric at 20C. Using measured values ofdp/dT(6 X 10 -
4 gm/cm -
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K ), p(l gm/cm- 3), and the value of 0.37 dS/dT calculated 60 T. T- r T T r T T T T T I T 1 I t 00

from (6) (-6.9 X l0 - 3 K-'), we get dn/dT - (-2.7 X 10-4 +
+6.9 X 10-4) - 4.2 X 10 4 K - . This value agrees with the x d 80

experimental value of 4 X 10 -4 quite closely. Fig. 3 shows ex- T-

perimental values of dnif/dT and dni/dT and some theoretical 1 40 dn, .

points. Values calculated for other temperatures also agrees d0 0
fairly with experimental results, although discrepancies arise X Z_

as one approaches Tn,. There are several reasons for the dis- 40

crepancies. One possibly is due to the breakdown of the mean ,c 20

field theory on which the expressions for S and e are based. 2

Secondly, we have not included any near-field corrections in .
our calculation. Nevertheless, the point to note from these
plots is the largeness of dn/dT and its dramatic increase with o o
temperature. -15.0 -12.5 -t 0 -75 -50 -2 5 0 0

Following a short laser pulse, a temperature grating AT(4; t) Tr - T

is generated in the medium. The response of the medium as Fig. 3. Plot of dn11/dT and dn1/dT for PCB as a function of tempera-
ture; data is deduced from 1181. Note that both dn/dT increase byobserved in our experiment follows the time-integrated intensity an order of magnitude near TNt. The value of dn/dT of a high ther-

of the laser, and maximum diffraction is observed immediately real index gradient liquid like cyclohexane is about 4 x to- 4 K-1 .
following (within the laser pulsewidth) the laser. The resultant Some sample theoretical estimates are also indicated (o and o)

refractive index grating An(4; t) consists of two components.
One is associated with the order parameter fluctuations AS(4; 0 the momentum mismatch. Equation (8) gives a maximum dif-
while the other with the density fluctuation AS(j; t). Under fraction efficiency Et(8 of
appropriate conditions (e.g., comparable magnitude ofcontribu- 2

tion in An from AS and Ap) the propagating Ap grating will k2  
2 /sin ak d\2

interfere with the nonpropagating (diffusive type) AS grating, R max 4n - 3(At) (9a)

leading to modulation in the diffraction from the grating [161,
1171. The period of modulation fj" of the temporal behavior For typical experimental parameters (X = 0.53 Am, k, = k2 =

of the diffraction from the grating (of a CW probe laser) is 21rn/l. 0 (in air) = 20. d = 40 pum), ak - k 02 - (39 jum) 2 .

simply given by 21rI141 C, (where Cs is the velocity of sound which is close to d 2 = (40 Am) 2 . Equation (9) possesses an
and 1I1 = 21k sin 0/2). obvious overestimate factor of the experimentally realizable

For a quantitative analysis of the diffraction efficiency, we diffraction efficiency. Both the probe and the diffracted beam
note here an important point with respect to nematics, namely, suffer scattering loss in traversing the sample (typically about 20
that the thermal index gradient dn/dT is not a constant as a percent due to reflections at the glass-air, glass-nematic bound-
function of the temperature. As a matter of fact, it increases aries, and the nematic orientational fluctuation scattering).
by more than one order of magnitude as one approaches the These losses in conjunction also with the "Gaussian" shape in-
nematic - isotropic phase transition [181 (cf., Fig. 3). Fur- tensity profiles of the beam can easily contribute to at least an
thermore, values of the p, the heat capacity Cp, and the absorp. order of magnitude lower diffraction efficiency in the actual
tion coefficient a of the material needed for calculating the observed value.
diffraction efficiency, are also sensitive to the temperature Alternatively, one can also use the thin phase grating expres-
1191. To get a good (and semiquantitative) insight into the sion as in 191, by replacing all the temperature dependent
diffraction efficiency, we choose for our theoretical calcu- parameters like dn/dT, Cp, and p, by their average values. In
lations the parameters AT(rise in temperature), and An (the the temperature range involved (21-30C), p and Cp varies
corresponding change in the refractive index), associated only slightly (<10 percent), and thus can be assumed constant.
with the input pump energies. Both parameters can be easily On the other hand. dn/dT, (e.g., for n1 ) changes by a factor of
measured experimentally. In the language of the usual four- 2 (cf., Fig. 3), from -0.0004 to -0.001. The average dn/dT
wave mixing calculations 1201, the two pump lasers set up an is thus taken to be 0.0007. The only unknown parameter for
index grating An that oscillates spatially with a wave vector PCB is the absorption coefficient ca. This is estimated from

k = - k2 . In conjunction with a probe laser (incident experimental observation of the temperature rise for a given
at 1 , say), this generates a diffraction at k4 = 2k - 2. The incident laser energy. We found that ad - 3 X 10 3 ,wheredmaximum amplitude of the diffraction (corresponding to the is the sample thickness (d - 40 pm). Following 191 , the maxi-

maximum An, which, as a function of time, reaches a maximum mum diffraction efficiency is given
value as the temperature of the sample rises to a maxima) is Rm - TD 2U1 U2 r (9b)
given by

kAnE, (sin ak d) where T is the transmission coefficient at frequency P of the
E 2n k (8) third (probe) beam, D = v 'C, dn/dT, and U, and U2 are

the energies (per centimeter2 ) ot the pump lasers, and 17~ ad.
assuming small absorption loss and small wave-mixing angles We must remark here that both (9a) or (9b) are at best order
(valid in our case involving pure PCB). ak is the magnitude of of magnitude estimates of the diffraction efficiency.
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The large change in the refractive index of liquid crystal over
a small temperature rise is due to its inherently large thermal
index. At ,.1 , dnL/dT is -4 X 10-4.which is already larger
than almost all high index liquids (211 (e.g., CS2 and cyclohex-
ane). Note, however. that dnll1 dT has an even larger nagni-
tude -3 X 10-3. Thus, utilizing An,, (or An, and Anit near
Tc, where both increase by an order of magnitude) will greatly
enhance the diffraction efficiency.

EXPERIMENT

We have conducted experiments with principally two kinds of (a)
nematics: MBBA (p-methoxybenzylidene-p-n-butylaniline)
and PCB (pentyl-cyano-biphenyl). PCB absorbs very little at
the 0.53 min (SHG of Nd: YAG) wavelength used. To increase
the absorption, we have also used PCB samples with traces
of dissolved dyes (Rhodamine 6G). Comparative studies are
made for samples with dissolved dyes and the pure samples to
ascertain the roles of the dye molecules. MBBA absorption at
0.53 pm is considerably more than PCB's. However, as often
noted. MBBA is rather unstable with the age of the sample.
The overall results obtained for MBBA are, however, similar to
those obtained with PCB, which appears to be stable over a (b)
period of months. Fig. 4. The diffraction from the He-Ne as detected by the transient

The typical sample used is 40 pm thick. Planar alignment is waveform digitizer. (a) Using single-mode Nd:YAG SlIG as pump
obtained by the rubbing method with lens tissues. Sample lasers. Time scale is 50 ns/dw, showing monotonic rise of the dif-

em eis maintained at 210. (The neiatic - isotropic fracted signal to a maximum within 50 ns from the start of the pumptemperature alaser. (b) Modulated diffraction from the tie-Ne. Time scale is
transition temperature Tc of PCB is 350.) At this temperature, 20 ns/dt,.
it, - 1.52, ni - 1.72, and tnliquid - 1.58. The experimental
setup is schematically depicted in Fig. 2. The pump laser pulses
are derived from the SHG of a Q-switch Nd :YAG laser. The observed but the modulation depth is less. The "dulation ismaximum at 0 = 2° because the modulation frequency is 'at

* output from this laser is either in the single [Fig. 2(a)l or a resonance" wilth the acoustic frequency as confirmed in a recent
time-modulated two-mode [Fig. 2(b)I state. The laser pulse
width fFWttM)is typically 20 ns, and the laser energies used lie report 1121. Fig. 4(b) also allows us to estimate the acoustic

in the range of a few millijoules to 35 mj. The incident lasers attenuation time constant in nematic liquid crystal to be about

are weakly focused at the sample to a spot size of -0.64 nm 2 . 100 ns at tile acoustic frequency of 90 MHz (since the inter-

The sample is oriented with the plane normal to the incident terence effects between the density (acoustic) and the order

laser beams, with the director axis t oriented either parallel (i) parameter gratings decay in a time scale of this order). This is
or perpendicular (1) to the optical field polarization. A linearly probably the first direct time-dependent measurement of theacoustic attenuation time constant. The velocity of sound in-
polarized He-Ne laser is used to probe the grating and the dif- erred from these experimental measurements - .53 X 0'
fraction following each single pump laser shot is monitoredwith a monochronmtor-PMT set up and analyzed by a transietrt cm/s) for neniatic is ini good agreement with kniown results.
wa igitizer or a fast storage scope. More quantitative results of the density and order parameter
wavetormi digitizer ora.cai also be deduced from Fig. 4. The parameters used in the

RI-stil.t-S ANi) DiSCUSSIoNs, experiment for getting the results depicted in Fig. 4(b) are as
follows. The energy in each of t lie pump beams is about 10 mj.

Depending on the wave-mixing angle and tIme type of pump- The diffraction efficiency (associated with dni, /dT) is measured
pulses used. there are essentially two types of time-dependencc to be 2 percent. The spot sizes of the incident lasel beams are
of the diffraction from the transient grating as probed by the 0.6 ninm

2 . The initial temperattre of the sample is 21". Pulse
Ile-Ne laser. Results qtoted below involve theordinary retrac- duration is abont 20 ns (FWIIM). Ili a separate experiment,
live index change An. Onie is depicted in Fig. 4(a). which is we have estimated that tie rise in the temperature of the sam-
obtained using single-mode laser pulses [Fig. 2(a l. We have pie is about 9"C. (To determine the temperature rise duc to
a inonotnic rise followed by a nionotonic long-lived decay. the laser pulses. we noted t lie total pulse energy needed to just
The rise tinie is within the pulse length of the laser (which has heat the sample to the isotropic phase (:-30 }n). i.e.. 30 inj is
a FW|IM of about 20 ns). On the other hand. if the excitation needed to induce a 14' change in tenperature. lii out experti-

V is a time modulated IFig. 2(h)1 laser pulse. modulations due ment. tile teptal laser pulse encigy is 20 mj, which gives its aii

to I lie acost ic waves are observed during t lie first 100 us or so est iniate (by no nieans exact ) of about 9" rise in temperat tire).
of tile diffraction. las depicted iii Fig. 4(b)i at all external Froni known experimental data. this corresponds to a change
wave-inixing angle = 2'. At other angles. modulations are also in the refractive index An of 0.004. For tle saiie tempera-



KHOO AND NORMANDIN: TRANSIENT THERMAL GRATING DIFFRACTION 333

ture rise, the change in the refractive index AnL(p) is -0.004,
implying therefore An(S) associated with the order parameter
of 0.0008. Since Ant(p) and An 1(S) are comparable, one
expects large modulations in the diffracted signal, which is
indeed experimentally observed [cf., Fig. 4(b)]. In general,
modulations are not detectable in samples where there is large
induced temperature change (or refractive index change, equiv-

alently) whence the An(S) component dominates.
Using the experimental parameters (An, = 0.004, d = 40 jum,

X = 0.53 pn, 0air = 20), the forward diffracted efficiency as
probed by the YAG laser pulses themselves can be estimated (a)
from (9a) to give Rma5 - 2 X 10'. Using the expression (9b),
with the parameters (T 1), D(liquid crystal) - 2 X 10-2
(comparable to cyclohexane), U, - U2 - 1.6 J/cm2 , r? 3 X
10 - 3, we also get Rmax - 2 X 10'. Experimentally we ob-
serve a diffraction efficiency of 2 X 10- 2 . There are several
reasons for the experimentally observed lower diffraction effi-
ciency. Principally, we have not included losses (in both the
pump and the probe, as well as the signal) in the liquid crystals,
from scattering and reflection losses from the glass slides. Sec-

*ondly, the grating builds up on the order of the laser pulse
duration, and thus probing it with a time coincident pulse of (b)
the same duration may well not give the highest efficiency Fig. 5. (a) The decay of the thermal grating as monitored by the He-Ne
estimated in the theory. Finally, beam spot size, nonuniform diffraction. Time scale is 50 us/dw. The grating wave vector 4 is per-
spatial intensity distributions, etc., that normally lower the pendicular to the director axis n. (b) Thermal grating decay for 4
experimentally observed value (compared to theory) are all parallel to the director axis n. Decay is shorter by a factor of two.

expected to contribute to some errors.
It is not our intention here, of course, to delve into a detailed agreement with the theoretical expectation. In general, the

quantitative exposition of the diffraction efficiency. Rather, decay time constant decreases as we increase the wave-mixing
, noting that the parameters governing the diffraction efficiency angle 0 (i.e., increase q), in a roughly q-2 dependence.

and their roles, one can draw some conclusions regarding means The rather large amount of pump energy needed to generate
of optimizing the four-wave mixing process. the observed diffraction is simply due to the fact that the liquid

One obvious way is to employ dnll/dt (which is about seven crystal used (PCB) absorbs very little at the pump laser wave-
times dnI/dt in the same temperature range), as we will pres- length (0.53 pam). The absorption can be easily increased by
ently see. Another way is by going to a slightly thicker sample. "doping" the PCB with traces of dissolved dyes. Using dyed
Our previous experiments have indicated that 100 pim thick samples, the same diffraction efficiency is observed using pump
samples are probably ideal in terms of stability (alignment) laser energies on the order of 3 or 4 inj. A detailed study of
and losses (scattering). These two factors could easily increase both the rise and the decay of the diffraction shows that there
the diffractions by two orders of magnitude. is hardly any difference compared to the "undyed" or pure

For the same temperature rise, the change in the extraordi- nematic. This indicates that the dye molecules essentially act
nary refractive index An 1 is much larger (An,, - 0.03 for the as absorbers and rapidly transfer the excitation to the nematic
sane temperature rise). Under the same experimental situation, via some intermolecular relaxation processes.
a diffraction efficiency of about 2 X 10 - 1 is observed (i.e., a In the case of dyed samples, the sample shows sign of heating
ten-fold increase). At least : factor of two in the diffraction through the nenlatic - isotropic transition at slightly elevated
efficiency was also observed in thicker samples (-75 pm). input energies (>10 nij). In that case, multiorder diffractions

The decay behavior of the diffractions (from the He-Ne) is are observed. The decay is characterized by very long lifetime
depicted in Fig. 5(a) and (b), for the case where 4 is normal to (cf., Fig. 6) on the order of 150 ins. This is consistent wilh
the director axis 4i. and for 4l parallel to fi, respectively. Since the fact that when the input energies are high, grating or "line"
the grating constant is about 17 pm (for nj ) at a 20 cross angle. of liquid are produced J221. When these lines cool through
while the sample thickens is 40 pim. the thermal diffusion the isotropic-neniatic point, the orientations of the director
may be approximated as a I -dimensional problem along 4 (for axes will be randon. These lines of nenatics (with a refractive
this crossing angle at least ). li that case. tie decay thne con- index (- 1.58) higher than the surrounding nelnatic nj - 1.52)
stants are given by rj =(1) q2 )-l and ru1 =(D q~ l) - l, reorient themselves with a time constant characterized by the
respectively. USing the value D, = 7.9 X I0 - 4 

cmn
2 /cmn- , grating spacing Aq of 17 pm, (which is much smaller than the

D I1 1.25 X 10 - ' cmn2 /s . and q? (2 i/I 7 pm) 2 , and thickness of the sample 40 pin). ising tlhe well-known results
- qli ((ni • 2n/n )/l 7 plm)2 : we get r1 - 110 ps and r1 of for r in terms of the viscosity (r = yX2/Kn 2 ), we get a reorien-

55 ps. ixperimentally. we obtain Ifrom Fig. 5(a) and (b)l a tation lime of -290 ins (using K - 0.7 X 10 ; ' 0.7: Xq=
value of 100 PS for rT and 50 Ps for rT, showing remarkable 17 pm) in support of the above experimental observation.
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Using low-power cw lasers in conjunction with the symmetric and asymmetric nonlinear transverse self-phase
' modulation imparted by a nematic liquid-crystal film, we have demonstrated two forms of transverse intensity-

switching and power-limiting operations. Applications to high-power nanosecond laser are also feasible.

The passage of a laser beam through a nonlinear medi- liquid-crystal film has a thickness of 75 pm. In this
um is accompanied by interesting transverse optical case, the effect of the transverse nonlinearity is to
intensity-redistribution phenomena, such as self-fo- impart an intensity-dependent phase shift on the laser
cusing, defocusing, ring formation, and beam break- beam. This phase shift leads to external self-focusing
up.' These processes have found applications in some (and the associated change in the laser-beam diver-
optical devices,2-4 among them the so-called passive gence) in the case of SSPM or to self-deflection in the
optical limiter. 5  case of ASPM.

We report the experimental observation of two For a given radially symmetric incident optical elec-
forms of optical intensity-switching processes associ- tric-field distribution at the plane of the nonlinear
ated with a transverse self-phase-modulation effect in film, Io(r, 0), the transmitted field at a distance z, E(r,
a nematic liquid crystal first observed by Zolotko et al. z), is simply given by the usual diffraction integral,3

and Durbin et al.6 In one case, the whole incident /2\21
beam is involved, creating what we call a transversely I(r, z)= f J J1ofX(r)drrJ0 (2rrr/Xz)
symmetric self-phase modulation (SSPM). By im-
posing an asymmetry on the incident laser beam (e.g., r2 r 2  2
by half blocking it), an asymmetric self-phase-modu- X ex -ik + - + bn(r)d
lation (ASPM) effect is induced. [2z 2R III

Figure 1 is a schematic of the experimental setup where 10(r) is the incident electric-field amplitude, R
used. The laser used is a cw linearly polarized Ar +  is the radius of curvature, d is the thickness of the
laser (0.5145-pm line). The liquid crystal used is a nonlinear thin film, and X is the wavelength of the
homeotropically aligned (cf. Fig. 2) (pentylcyano- laser.
biphenyl) (PCB) film. The configuration of the direc- Obviously, the intensity distribution I(r, z) depends
tor axis A, the optical electric field Eop, and the propa- on several parameters. Most importantly, if the input
gation wave vector k is such that large reorientational laser beam is Gaussian [i.e., if 10(r, 0) - Io exp -
nonlinearity is induced. 7 The laser-induced reorien- 2r2/W0

2, where wo is the beam waist], then the far-field
tation dielectric-constant change &(r) is given by 7  intensity distribution in the case of SSPM will yield

be W A_2 lOP(r) sin2 20, (1)
4 IF

where IF is the optical Freedericksz intensity [IF OPAQUE OBJECT BEAM DEFLECTION

(nclr2K/2Ad 2)]; A( is the optical dielectric anisotropy -- / ___ .____-____ ,,
(A =H e ±- e, where tt and e1 are the optical dielec-[LAER10 O
tric constant for field polarization parallel to and per- TORpendicular to the director axis, respectively); K is the NONLINEAR FILM HG.WE,

elastic constant; and d is the thickness of the sample.
In terms of the refractive-index change bn, we have Fig. 1. Schematic of the experimental setup for symmetric

and asymmetric (with the use of the opaque object to half
bn(r) - n2I(r) - (Ae 2/4nlF) sin 2 201,p(r). (2) block the laser) self-phase-modulation effect. Symmetric

self-phase modulation gives rise to self-focusing and diver-
If the incident laser beam is half blocked (e.g., be- gence of the laser at the detector plane at high power, as

ginning in the positive x direction), then, roughly, shown by the dashed lines. Also shown by dashed lines is
these two expressions will be multiplied by a step the self-bending effect associated with asymmetric self-
function O(x) [O(x) 0, x < 0; O(x) - 1, x > 0]. The phase modulation.

0146-9592/86/040227-03$2.00/ c 1986, Optical Society of America
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NEMATIC LIUID
CRSTL interference rings at high input intensity. Moreover,

_ _6C *sTL the divergence of the beam will also change drastically.
-This is observed in our experiment and in other stud-

ies.3.6 In the case of ASPM, the asymmetry in the self-
phase modulation (in the x direction for the present

K case) gives rise to self-bending of the beam besides the
other effects associated with SSPM mentioned above.

Fig. 2. Optical propagation in a homeotropic nematic crys- The photograph in Fig. 3(a) is that of the laser beam
tal film. (detected at a plane located 7 m from the sample) at

low power, where there is no appreciable self-phase-
modulation effect. At high intensity (_100 W/cm 2),
both diffraction rings and a drastic increase in the
divergence of the laser are observed [cf. Figs. 3(b) and
3(c)1.

As the sample is moved around the focal plane of the
lens L1 (i.e., the radius of curvature R of the wave front
changes in sign as well as in magnitude), the intensity
distribution at the detector plane varies considerably."
Figure 3(b) is typical of the intensity distribution if
the sample is located just beyond the focal plane of L1 ,

(a) i.e., if R is positive.
The central portion, i.e., the on-axis part of the

beam, has a small region of brightness that seems to
persist at all input intensities. On the other hand, Fig.
3(c) is typical of the intensity distribution if the sam-
ple is located before the focal plane of Lt. The central
region is dark at high-input laser intensity. These are
obviously diffraction effects, coupled with the nonlin-
ear transverse phase shift.

As a result of the drastic increase in the divergence
of the beam at the detector plane, the detected power
(the so-called output) versus the input laser power will
deviate from linear, tending to a so-called "limiting"
form. This is indeed observed, as is shown in Fig. 4.
The detector collects almost all the transmitted laser
beam, at low power. But at higher intensity, the out-
put shows limiting behavior even as the input is in-

(b) creased by almost 10 times.
In the case of ASPM, similar ring formation and

laser-divergence change are observed, with an addi-
tional effect that the whole beam bends toward the
negative X direction.9 Figures 5(a) and 5(b) show
such a deflection effect. The beam moves by a dis-
placement of roughly twice the laser-beam waist at the
observation plane. The experimentally observed de-
flection angle is found to be 0.03 rad. Using Eq. (2),
one can estimate this deflection angle. For the liquid

3

A,. (C)

Fig. 3. (a) Photograph of the laser at the detector plane at
low power. (b) Photograph of the laser at higher power
showing ring formation and increased divergence for the
case when the incident laser has a positive radius of curva-
ture. The central portion remains bright for the full laser- 000 025 0 5 a 0,75 I00
power range. (c) Photograph of the laser at the detector INPUT POWE WATTS)

plane at high power for the case when the incident laser has a
negative radius of curvature. The central portion tends to Fig. 4. Plot of the detector power versus the incident laser
be dark for the entire power range. power showing power-limiting effect.
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Molecular reorientation in nematics can also be in-
duced by high-power nanosecond lasers. Hsiung et
al.10 had shown that a homeotropic nematic liquid
crystal will be reoriented by a normally incident nano-
second laser pulse, provided that a strong dc bias mag-
netic field is present, in analogy to the cw case.7 In our
experiment, the nanosecond laser pulse (Q-switched
Nd:YAG second harmonic; 20-nsec duration; 10 mJ; 1-
mm 2 beam size) is incident at an nonnormal angle as in

(a) Fig. 2. In this case, molecular reorientation will occur
without a bias field, in analogy again to the cw case.'
Furthermore, we use a nematic liquid crystal (EM
chemicals EK46) at a temperature far below the ne-
matic -- isotropic point to minimize the thermal con-
tribution. External self-focusing effect and also the
formation of ring structures associated with SSPM are
observed. Figure 6 is a photograph of the transmitted
(single-shot) laser pulse. A coincident cw He-Ne la-
ser also shows similar far-field diffraction effects that
collapse back to the original laser-beam profile in

(b) about 4 or 5 sec, which is the orientational relaxation
time characteristic of the 75-pm sample used.7 An

Fig. 5. (a) Photograph of the laser spot on the observation output-versus-input plot also shows power-limiting
plane at low power. Black line at center is for reference behavior similar to that shown in Fig. 3.
purpose. (b) Same as in (a), but at high power. The beam
deflects by a displacement of about twice the laser-beam This research is supported in part by grant ECS
waist. 8415387 from the National Science Foundation and

grant 840375 from the U.S. Air Force Office of Scien-
tific Research. Some helpful discussions with A. E.
Kaplan on laser self-bending effect are also acknowl-
edged.
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Abstract

We present here further analytical results for the fundamental mechanisms of bistable
transverse intensity distribution of a Gaussian laser beam after its passage through a
thin nonlinear medium. We have derived explicit analytical expressions for the transmitted
intensity distribution in the case where the beam undergoes only self-phase modulation
effects and where a single reflection feedback is present. The geometrical conditions for
bistable optical switching, the dependences on various geometrical and laser parameters
for both positive and negative nonlinearities ,and the effect of saturation,are discussed.

Introduction

Recently, a new class of so-called cavity-less opticl bistability phenomenon has
received considerable attention. In particular, Kaplan has proposed several schemes for
optical bistability utilizing the self-focusing process, in conjunction with a single
reflection feedback. A detailed theory2 with experimental observations for the case of
"weak" or "external" self focusing involving a nonlinear thin film has recently been
described.

In this paper, we present further new analytical results for this type of optical
bistability, which originates from the transversely dependent nonlinear phase shift
experienced by a Gaussian laser beam in traversing the nonlinear thin film. We generalize
the theoretical consideration to both positive and negative nonlinearities (i.e. for
n, :. 0 and for n < 0) and derive explicit expressions for the conditions for bistable
operation. The theory presented here should be applicable to all nonlinear thin film,
and in particular, solid-state thin films which appear to be the best candidate for
optical processing applications.

Theory

The configuration for the observation of transverse intensity bistability is
schematically depicted in Figure 1. A cw laser with a curvature R, incident on the
nonlinear thin film (where the laser beam waist is w i is reflected after passage throu.,
the film and a lens back onto itself. The transmission throu qh the mirror is monitored
by a pin-hole placed at various radial positions from the axis of the beam. The refractive
index change induced on the film is of the form

An = n2 1 (r) (1)

where I (r) is the optical intensity at the film and n2 is the nonlinearity coefficient.
Typically n 10 - J for a liquid crystal film, and of the same magnitude or larger for
solid-state ihin film.

This refractive index change imparts a transverse phase shift on the optical field.

j(r)= L d n2 (Z)I(r)dZ= - n, dI(r) (2)

where d is the thickness of the nonlinear film
The total optical intensity on the sample is given by the sum of the forward propagating
and backward propagating (reflected) beam

I = 10 + IR  (3)

Without loss of generality, and for the sake of clarity, we will ignore the presence
of the lens.(The effect of including the lens is to introduce a geometrical factor and
will be discussed in a later section). In this case, the exit beam electric field at a
distance z from the nematic field is given by

E(r 0.z i=21 exp(ikzkexp_- f,,0 Eo(rO)exp 4 expi - i8#r)Ir dr k/4)
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? 2)
where ro = (x, + and r =( + y and Jo is the zeroth-order Bessel Function. The
incident laser beam is assumed to be a Gaussian, and its electric field is given by

E r,0)=J exp r2  - ir 2  (5)

The output intensity at z is given by squaring both sides of equation (4) to give

( oa )= lo f d r j o(2 rro/A z ex p - r / W .2) e P - ik + fj. +ff 21 d exp [ + ff 2R mdI (r ,z ) (

Notice from (6) that it is an integral equation for the intensity distribution I(r.z).
The possibility of bistable or multistable intensity distribution is therefore obvious.
It is not possible to get a closed-form solution for (I(r,z) from (6). We found that,

however, by making very reasonable approximations, we can convert equation (6) to a set of
very simple transcendental algebraic equations from which much insight about the bistable
operation can be gained. The approximation employed can be shown to be equivalent to the
lens approximation, and consist of the simple procedure of expanding I(ro.z) as well as
1o and 1, in the form

2n
I(r0 Z) = (7)

n=0

and retaining only the first two terms. [We have shown in previous work that it is
possible to redo the problem by including all the terms for the forward propagating field
(corresponding to Io), but the result for t bistable switching is not appreciably
changed]. Followinc reference 2, we get,

,. 1,
A0 = I 12

42 - 2nz2d n2dR.A (8)

and, by introducing a unitless parameter u

u = w2k(1/2z+l/2R-2n 2I0 d/w2n 2dR MA,
)

_ ~n~~m~n)(Ba)

the solutions for Ao and A2 are given by the solution for u in the equation

B1 - B2 u= (9)
(l+u )

where

3 4(l!2z+l/2R-2n 2 10 d/ 2)

B? Rl Rn210d~bk4  (10)
im2-

and

-44

B 2 =~ 8 z 8 $( 1

Figure (2) is a plot of the function BI - B2 u (L.H.S. of (9)), and (I + u2)
- 2

(R.H.S. of (9)). Where there are triple intersection points correspond to the bistable
switching region.

Discussion

Before we proceed to discuss the geometrical significan-'e and conditions deducible
from Figure (2), it is instructive to note here that aside from the expected dependence
of BI and B2 on z, and the radius of curvature R, both l and B2 are ettremely sensitive
to the beam waist of the incoming laser beam. B1 6 while 12 .. On the other

hand. the existence of the triple-value solutions from Figure 2 is clearly dependant on

the value of Bi and B2. This implies of course that transverse optical bistabilitv is

extremel sensitive to the incoming laser beam waist. Such a dependence is actually

eiperfientally verified in our study of transverse optical bistability 
involving a nematic
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liquid crystal film, and is expected to hold true too for other thin film with

nonlinearity of the form given in (1).

There is a similarity between Figure (2) and the usual Fabry-Perot optical bistability
treatment. Both involve solving for triple valued quantity from the intersection of a
straight line and a bell-shaped function. The slope of the straight line is inversely
proportional to the optical intensity of the incoming beam. The difference in the present
case is that only one (as opposed to the usual Fabry-Perot, which involves infinite,
periodic) bell-shape-d function is involved. Also. the intercept of the straight line
with the "u" axis also changes with the beam intensity.

Figure (2) allows one to deduce the geometrical conditions for. observing bistability.
T lijen 0 = 0, slope -B2 (denoted as m) is infinite, while the intercept (denoted as
-Bx = Bl,'B2) is given bv

B 1 1 - 2n I d/.,2 ) (12)

* Consider the case n2 > 0. If I is increased, then B will move towards u = 0 i.e.
decreases, as shown in Figure 2 At the same time. te slope m will decrease in
magnitude (m is still negative). In order for triple-valued solution to occur, a
sufficient condition is that the magnitude of the slooe must be less than the maximum
magnitude of the tangent to the bell-shaped function on the positive u side. Let the
corresponding optical intensity be denoted Ic i.e.

Sm (Ic  > -1.04 (13)

where 1.04 is the maximum magnitude of the tangent to the bell-shaped function.

Correspondingly, the intercept is given by

bxc (Ic) = 1.12 (14)

A necessary condition for bistability is that bx (1=0) > 1.12
From (14), we get

Ic = - 1.12 - ((15)

And from (13), we get the sufficient condition for bistability as

* 8z4  (16)

Rm n2 d . 8k 5 (-1) [_ 2k ( 1 + 1 1.12
2n--dk 7- z R j

The square-bracket term in the denominator of (16) is positive by virtue of the fact that
b (1=0) - 1.12. From (16), we have

1 30.8 z4  2.24 - 1 (17),,+-
R R_ k) .k z, ~mZ

where Rm is the reflectivity of the feedback mirror.

Notice that n2 cancels out exactly in the denominator of (16). The condition for optical
bistabilitv is independent of the magnitude of n2 ! From (17), we see that transverse
optical bistability is clearly a geometrical effect, depending only on the geometrical
parameter like z and R. Equally noteworthy is the extreme sensitivity of the condition
on the ,

For the case of negative nonlinearity (n2 >0). the same argument can be pursued in an

almost mirror-image fashion of Figure 3. leading to the conditions

b (I-d = 1.12 (18)

m- (I ) 1.04 (19)

198



This gives
22

and, finally, the sufficient condition for bistability is

1< ..4 + +2 - (20)
R Z

Again, the condition is independent of the magnitude of n , although it does reflect the
sign of the n2 by imposing the requirement that the radis of curvature of the incoming
laser beam be negative.

In the presence of a lens between the thin film and the mirror, the analysis is
straightforward though lengthy. Following Reference 2, the solutions for the output
intensity (A0 and A2 ) can again be obtained by solving an equation of the form 2

B1 - B2 V = (1 + V (21)

where

D_______ 1 2fl210d ab1
B51  2 6 + - -+2 + J (22)

2b b4 10 n2 dRm 2-2R kDl

and D4

B2  b22 b4 1 8 ndR k  (23)
1 0 n2d M

and a = k/2z - k/2R, b = (k/2z)2 and DI = b1 - a, a (b1 
= (k/2Zl)2 and a1 = k/2z 2 - k/2f).

Obviously ab/kD, appearing in B1 is a purely geometrical quantity. The similarity
between the set of equation (21)-(23), and the set (9)-(11), not surprisingly, again leads
to conditions for bistability that are independent of the magnitude of n9 , and are
dependent only on the various geometrical factors. For n2 >0, we have, lor example

D 4

-- 4  8  2  L 1 - < 1.04 (24)

-b1 b w wk(K + + ab ) _1.12]

Although we have not conducted a thorough experimental investigation of how these
conditions are obeyed, the geometric parameters used in our experimental observation of
transverse bistability are within the prescribed conditions. We have deliberately
experimented with set-ups that fall outside the condition for bistability and have not
observed any switching. The preceding discussion also brings forth a hitherto neglected
consideration, namely, the nonlinear response of the thin film does not necessarily have
the same shape and/or width as the transverse dependence of the incident laser. Under cw
illumination, diffusion processes (in solid state material) or nonlocal long-range inter-
action (e.g. in liquid crystal) will in general broaden the response. It becomes critical
in view of the extreme dependence of the transverse bistability on the laser beam width,

* and the width of the response, therefore, to calculate exactly the transverse response of
the material when these diffusive types of processes are present. Work is currently
underway in this direction.

The theory as outlined above, and detailed in Reference 2, can be applied in the
_ study of the effect of saturation, which has hitherto not been addressed to in the case

of external or "weak" self focusing bistability. Saturation of the optical nonlinearity
can assume many forms, depending on the corresponding physical processes involved. It is
concommitant with the extraordinary large optical nonlinearity observed in materials like
nematic liquid crystal films (molecular reorientational nonlinearity), solid state
multi-quantum well structures (excitronic absorption) and sodium vapors (electronic
resonances).

We have investigated several forms of saturation behaviour and how they affect the
transverse bistability switching process. One of the most commonly occurring form is such
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that the optically induced refractive index change is given as in Equation (1), but with
n2 replaced by an intensity dependent coefficient n2 (I).

n() n2 (25)n2~~ (I -¥(r) IIs

where Is is the saturation intensity. Details of our calculation are clearly outside the
scope of the present paper. It suffices to note here that one could proceed with the same
expansion procedure as outlined here and Reference 2 to obtain again two algebraic
equations for A0 and A2 (c.f. Equation (8). However, it is no longer possible to derive
simple explicit analytical expressions for the conditions for bistability operations.
Nevertheless, these algebraic equations can be very easily solved numerically. An inter-
esting theoretical result, which occurs at a small range of saturation intensity, is de-
picted in Figure 3. The calculation uses the geometrical parameters similar to the set
used in the experimental observation described in Reference 2, with an assumed saturation
intensity Is value near the switch-up point. As clearly depicted in Figure 3, two very
closely bistability loops appear. The first loop occurs at a lower intensity, and is
almost identical to one obtained with (Is=-). The second loop occurs right after the
switch-up point in the first loop, and the direction of switching is oppos te to the
initial loop. As we emphasized earlier, the occurrence of these two _cT-s-d)- loop holds
true only for a small range of Is, At other values of I,, the two bistability loops
either merge into one, or break up into one bistability loop and a unidirection "dip" at
the higher intensity point.
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Figure Captions

Figure 1. Schematic of the experimental set up for observing transverse intensity
bistability. m: mirror; p: pinhole; NF: nonlinear thin film;
Z = 2 (Zl + Z2 ).

Figure 2. Plot of the functions Bl-B2 u and (I+u2)-2. Bx and Bxc are intercepts of
BI-Bj u with the u-axis. m is the tangent to the bell-shaped function(1+u )-2.

Figure 3. Theoretical bistability output versus input plot for the on-axis region.
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Wave front conjugation with gain and self-oscillation with a nematic liquid-
crystal film
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We have observed for the first time wave front conjugation with amplified reflection return using
the thermal nonlinearity of a thin film of nematic liquid crystal in conjunction with a low power
laser (intensity on the order of 25 W/cm"). Self-oscillation is also observed.

Wave front conjugation, and the associated phenomena benzylidine p-n-butylaniline (MBBA)] at the laser wave-
of imaging through aberration, amplified reflections, and length (5145 A).
other useful adaptive optical processes have been vigorously Another important characteristic of thermal grating
studied in the last few years.' Materials for wave front conju- formation in nematic is the relatively faster response. If the
gation include sodium vapor, semiconductor crystals, bar- two incident lasers are chopped, there are two distinct corn-
um titanate, electro-optic crystals (BSO), various liquids, liq- ponents in the diffraction. (See Khoo and Shepard in Ref. 5.)
uid crystals, and others. The basic mechanism for One component rises instantaneously with the laser corre-
nonlinearity ranges widely. In some materials the nonlinear- sponding to a local heating at the interference intensity
ity is sufficiently large for amplified reflection of the probe maxima at the sample. The other component, which is much
beam, leading to self-oscillations. 2 Such an effect has impor- slower, corresponds to an overall heating of the sample due
tant applications in image amplification, laser designs, and to thermal diffusion from the grating maxima to the minima;
other adaptive optics processes. the overall heating raises the temperature of the sample, and

In nematic liquid crystal, there are two basic mecha- therefore increases the change in the refractive index. This
nisms for optical nonlinearities- that have been used for overall heating of the sample is quite detrimental to the grat-
degenerate four-wave mixing processes: optically induced ing diffraction process if it raises the temperature of the sam-
refractive index change associated with the director axis pie over T, when the grating diffractions practically vanish.
reorientation, and laser induced thermal index effect. The In our study, the duty cycles and duration of chopped cw
fundamental mechanisms for these processes have been lasers are adjusted such that the diffraction is maximized
quantitatively documented. Application of these nonlineari- while minimizing the overall heating, as discussed in Ref. 5.
ties for wave front conjugation,' where the aberration cor- The process of laser induced thermal index change and
rection and speckle noise reduction (with spatially partially the diffusion process (either in the liquid-crystal medium or
incoherent lasers) have also been demonstrated. In this letter through the cell walls) is a complicated three-dimensional
we report the first successful demonstration of wave front problem. In ordinary liquids or in crystals, the fundamental
conjugation with gain and self-oscillation, using the thermal parameters are the temperature Tand the densityp. In liquid
nonlinearity in a nematic film in conjunction with low power
cw (chopped) lasers. NEMATIC LIQUID

Consider two linearly polarized lasers propagating y CROSTAL

through a homeotropically aligned nematic liquid crystal as
shown in Fig. Ila). The two beams are crossed at a small o

wave mixing angle 0 in a plane perpendicular to the paper.
For this geometry the refractive index as seen by the optical "

wave is given by " K

n~n A

n (n2 cos 2fl+ n' sin 2 
' (-

for# = 0, n, = n .On the other hand, if# = 90, e.g., using

a planar-aligned nematic as shown in Fig. I(b), n,. n
Both n, and n are strongly dependent on the temperature.
At temperature removed from the nematic- .isotropic tran-
sition temperature T., the magnitudes of dn /dT (positive)
and dn /dT inegativel are already as large as most high in- -
dex liquids (=2x×10 k I). As the temperature ap- K K

proaches T., both increase by more than an order of magni- I?

tude. As a consequence of this large nonlinearity, visible
diffractions (with efficiency on the order of one percent or FIG. Ihematicsoflaerinteractoninaa homeotropicaly alignedand

Ib) a planar aligned nemalic liquid-crystal film. K, iprobe beaml K. ipumpmore) can be obtained by mixing two milliwatt cw lasers, beam) are the propagation wave vectors. E, and E, are the optical field vec-
using the natural absorption of some nematic [e.g., methoxy tors. The two laser beams intersect in a plane perpendicular to the paper.
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crystal, one has also to include the order parameter S. If the R

chopped laser pulse durations are on the order of millisec-
onds, one would expect the density fluctuations in the sam- E

ple to equilibrate, and we are thus left with S and T. The
interplay between S and T, and the refractive indices n, and
n, have been dealt with in a recent article. (See Khoo and
Normandin in Ref. 5.) For our purpose here one may sim- E

plify the consideration by adopting T as the working param- [

eter, described by the usual thermal diffusion equation

PC,. d)T _ kV"T= 'c E
2  (2) A

at 41r ,2 ,

where p is the density of the nematic, c, the specific heat, k Laser - "
the diffusion constant, n the refractive index, a the absorp- Is so

tion constant, and Eo, is the amplitude of the optical electric Ci
field. Both p and c,. are strongly temperature dependent, FIG. 2. Schematicsoftheexperimental setupftrohsersing 4a% c fri m,

especially near T,. However, their influence on the refractive jugation and self-oscillation. The incident laser is chopped M inlrrrs S

index may be viewed as secondary; the primary effect comes sample; R: 100% reflector; BS: beam splitter A. aherrat.r. V S s arlablc

from the change in T. beam splitter; M., in dotted line) is a qq'99 reflecting mirror to he inserted

The total optical electric field E., incident on the sam- for self-oscillation effect.

ple is made up, of course, of the contribution from the probe
(E,) and the pump beam (E2 ). Their interference gives rise to optical electric field is perpendicular to the director axis. The

an oscillating term E, E2 cos qy, where q is the grating wave incident probe laser power is adjusted with the variable beam

vector Iq = 2r/Aq; A q = Aop/2 sin (0/2),0: wave mixing splitter. The mirror M., (in dotted line) when used for self-

angle in the nematic), and y is the coordinate perpendicular oscillation experiments, is aligned to exactly reflect the

to K, - K,. If the incident lasers are pulsed, with pulse probe beam E. The incident laser beam is chopped a! a rate

lengths shorter than all the thermal diffusion time constants of about 4 Hz. At this rate there is an overall heating of the

(characteristics of diffusion time between the intensity maxi- sample. However, this overall heating effect is just sufficient

ma and the minima, and between the center plane of the to warm the sample (from room temperature 2 "Cl to near

liquid-l rystal cell and the cell walls etc.), then the change in T, (T, of MBBA is 42 *C) when very large wave-front conju-

temperature AT [from Eq. (1)] is simply given by gation efficiency is obtained.
aVery strong conjugated signals are observed for a wide

AT= - U(y), (31 range of probe beam powers used. At equal pump and probe
pCv power, a reflection efficiency of about 1% is observed for the

where Uis the energy of the laser pulse. On the other hand, if sample maintained at room temperature (by using very low
the laser pulses are longer than the diffusion time (which is power pump and probe laser < 100 mW). A dramatic in-
true for our experiment using chopped cw lasers; laser crease in the reflection efficiency (to more than 20 timesj is
pulses= 100 ins, diffusion time constant=5 ms), then the observed if the temperature of the sample is raised (cf. Fig. 31
spatial redistribution of the absorbed energy and the rise in either by placing the sample in a temperature cell or by an
temperature is obviously a complicated three-dimensional overall heating with an increase in the laser powers to about
problem, a complete solution of which is clearly outside the I W. The reflection efficiency increases if the ratio of the
scope of this letter. Nevertheless, in the steady state (dT/ pump beam power to the probe beam power is increased. At
at = 0) involving chopped cw lasers, one may note that the a beam ratio of about 250, and an external wave mixing angle
spatial derivative (V2 = d 21dy 2 + V!) imply that the tem- 0 = 1/300 (corresponding to a wave mixing angle of 1/450
perature rise ATwill be inversely proportional to the grating within the sample, and a grating constant A, = 225 pm),
constant (and cell thickness). This point is particularly ob- amplified reflection (> 100%) is observed. This occurs at a
vious if we perform a simple one-dimensional calculation, pump beam of I W, corresponding to a pump laser intensity
and is expected from physical grounds. This dependence was of about 25 W/cm2 on the sample.
qualitatively verified in our experiment. The diffraction effi- Because of the amplified reflection capability, self-oscil-
ciency increases with increasing grating constant. lation starting from noise generated in the film in conjunc-

The experimental setup used for the observation of am- tion with an external feedback is also possible. To observe
plified reflection and oscillation is depicted in Fig. 2. The this effect, the mirror M,,, (99% reflecting at 5145 A) is in-
laser used is the 5145-A line from an Ar' laser. The path serted between the variable beam splitter VBS and the mir-
lengths of the beam are adjusted to be very nearly equal to ror M. The probe beam is blocked with an opaque material
optimize the interference modulation. The two laser beams between the beam splitter (BS) and VBS. With a pump power
are crossed at a very small angle 0 on the sample (0 ranges input of about I W, a clearly visible self-oscillation generated
from 1/250 to 1/350 rad). The size of the laser beam on the beam is observed in the direction along C. The exit beam
sample is about 2 mm. The sample used is a homeotropically power at C , is estimated to be tens of microwatts. The self-
aligned MBBA film with a thickness of 100pm. The lasers oscillation occurs despite a strong scattering loss (=25%)
are almost normally (8 = 0) incident on the film, i.e., the experienced by all the beams in traversing the sample and the

909 A0. Pl'. Lett., Vol. 47, No. 9, 1 November 1985 I. C Khoo 909



5145 A). and observed similar wave front conjugation and
z I_ self-oscillation effects.

In conclusion, we have demonstrated the possibility of
X I Iobserving amplified reflection in wave front conjugation,
Xa and self-oscillation, using the thermal nonlinearity of a ne-

4 matic liquid-crystal film. The configurations and conditions
,- for these effects have obviously not been opti'mized, but the

results of this and our recent studies clearly provide the basis
z± for optimization. The effect can also be applied in construct-

ing a ring oscillator. It is also obvious that other types of
lasers (cw or pulsed) can also be used (e.g., CO, laser at 10.6

6 - pm where liquid crystals also possess natural absorption,
Nd:YAG laser at 1.06pum if the liquid crystal is "doped"

4 with traces of IR absorbing dyes, etc.). Works along these
/' lines are currently in progress and will be reported else-

where.
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Infrared to visible image conversion capability of a nematic liquid crystal film
1. C. Khoo
Electrical Engineering Department, The Pennsylvania State University, University Park, Pennsylvania 16802

R. Normandin
Division of Microstructural Sciences, National Research Council of Canada. Ottawa, KIA OR6, Canada

(Received 18 April 1985; accepted for publication 3 June 1985)

We present a theoretical evaluation and experimental results of the capability of a nematic liquid
crystal film for infrared to visible image conversion using nondegenerate four-wave mixing
process.

Degenerate and nondegenerate four-wave mixings have given by 5

been studied in the context of optical imagings in several dn, - N-- . (
materials." In particular, Martin and Hellwarth' have 1- = 2n (1.33 + 0.74S) _4L + 0.74 (1)
demonstrated infrared to visible image conversion via Bragg dT
reflections from laser induced thermal gratings in dyed ii- And for the incident laser polarization perpendicular to the
quids. The basic mechanism is the absorption of the incident nematic director axis, the "ordinary" thermal index gradient
( IR ) light by the dye molecules, which then heat up the sol- dn/dTis
vent via some intermolecular relaxation processes. dn' dT d7

Recently, we have demonstrated that nematic liquid - = 2n- (1.33- 0.37S) S- 0.37-d (2)
crystals possess extraordinarily large optical nonlinearity dT
that can be utilized for wave front conjugation purposes.' for PCB (pentyl-cyano-biphenyl), where S is the tempera-
There are two distinct types of nonlinearities: thermal and ture-dependent order parameter and p is the density. A
orientational. Depending on the thickness of the sample and unique characteristic of nematic liquid crystals is the rather
the interaction geometry between the laser polarization and large magnitudes of both dni, /dTand dn, /dT. At tempera-
the liquid crystal axes, one or both of these nonlinearities will tures far away from the nematic isotropic transition tem-
dominate the nonlinear optical process under study.4 The perature (e.g., at 22 *C and T, = 35 "C for PCB), both dn/
thermal nonlinearity, of course, depends on the absorption dT's are already comparable to the largest thermal index
constant of the liquid crystal, which can be enhanced with obtainable in liquids (_ 10- 4 K -'). At temperatures closer
traces of dissolved dyes with the appropriate absorption to T,, both dnz /dT and dni1 /dT increase dramatically by
band. A detailed analysis of the thermal nonlinearity of ne- more than an order of magnitude. This means that thinner
matics has been performed.' samples and/or low power lasers can be used for optical

For incident laser polarization parallel to the nematic wave mixing processes, since the diffraction efficiency is pro-
axis, the "extraordinary" thermal index gradient dn ,/dT is portional to the square of dn/dT, among other factors. In
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NEMATIC LQUIL duced optical refractive index change is given by4
,CRYSTAL

sin 2,60, (3)
2 n 2ne

where 0 is the optically induced molecular reorientation.
The nonlinearity can be induced in homeotropic or planar
aligned nematic liquid crystal films for the optical field-ne-
matic interaction geometries depicted in Figs. Ila) and lb .
In general, the molecular reorientational nonlinearity is
larger than the thermal nonlinearity. However, it is obvious

"O -that for,# = 0, the reorientational nonlinearity is vanishing.
We have experimentally demonstrated the possibility of

... -infrared to visible image conversions in pure nematic films
and also in nematic films "doped" with infrared absorbing

, K,, dyes. The liquid crystal used is PCB (4-cyano-4'-pentyl-bi-
phenyll and is about 50 um thick. Both homeotropically

FIG Ia Homeotropicall aligned nematac iquidcrystal. ib) Planar nea- aligned and planar nematic films have been shown to give

tic liquid :rtai K and E,, are the Aa\e ecor and electric field ector of similar results. The sample temperature is 22 *C. Various
the laser. respectivel. For/3 - 0. E,.r is parallel to n. For13 = 90'

, 
E ,, is four-wave mixing (wave vectors) configurations have beenperpendicular it) n. the director axis ofth nematic. K, and K, are crossed on attempted. Figure 2(a) shows one of the setups used, with all

the .ample at 3' four waves propagating in the forward direction [cf. Fig.

2(b)]. A 20-ns Nd:YAG laser pulse (A at 1.06pm) is split into
particular. because of the thinner sample geometry, one ex- the reference beam and an object beam (the object is a wire
pects to get higher resolution element capability in infrared mesh). These two beams recombine on a homeotropically
to visible image conversion process as we will explain pres- aligned nematic film at an angle of about 3*. The lasers are
ently. linearly polarized, with the polarization normal to the direc-

Another unique characteristic of liquid crystals is the tor axis. For this geometry, the nonlinearity comes from
extraordinarily large optical nonlinearity associated with dn1 /dT. Traces of Kodak No. 14015 infrared absorbing
molecular reorientation. Molecular reorientation of nematic dyes were dissolved in the liquid crystal to improve the ab-
liquid crystal axis is of course wavelength independent sorption of the PCB at 1.06 pm. A cw 5-mW He-Ne (0.6328

which makes it the most versatile and natural mechanism for um) laser is used as a reconstruction beam and is almost
image conversions l R to visible,..., etc.). The optical nonlin- collinear with the reference beam. The beam spot sizes on the
earity associated with two lasers (pump-probe) intersecting liquid crystal film are on the order of 0.5 cm'. Visible diffrac-
on the liquid crystals has been calculated before. The in- tion values of the He-Ne were observed for reference beam

Beam Stop

5 Object 50% Pal.

P-d 1c Sample

Se]FIG. 
2. Iat Schematic of the expen-

Camera mental setup. Photo insert is a sample
experimental result. (b) Wave vector
configuration of the reference IK,). the
object (K,). the reconstructing (K,,
and the image beams {K,).

lat

3I 4
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and object beam energies on the order of 50 and 15 mJ, re- In this case, we also observe visible diffraction of the He-Ne
spectively. The observed diffraction efficiency is on the order beam and images of comparable quality. To check that in-
of a few percent. The diffracted image beam is imaged via the deed the mechanism is due to orientational effect, the film is
lens system onto the Polaroid film plate. In general, very tilted back to the normal position Ii.e.,/3 0 and the diffrac-
good quality image can be reconstructed. The photo insert in tion vanishes [in accordance to Eq. 13)]. Due to pulse to pulse
Fig. 2 shows a typical reconstructed image of the mesh at the instabilities, the effects for cw laser are not as large and the
red wavelength 10.6328,pm). quality of the image is not as good as expected. It is clear that

The diffraction efficiency of the 50-pum-thick film is very better results can be obtained if one uses a cw laser or milli-
good, and is on the order of a few percent (as measured from second IR laser pulses.
thediffraction from the IR laser pulses with ajoulemeterl. In The temporal behaviors of the thermal and orienta-
Ref. I. it was reported that similar diffraction efficiency was tional gratings are quite different. Using an almost identical
observed in a 2-mm-thick dye solutions, using pump and setup as Fig. 21al (with the object removed), we have mea-
probe beam energies on the order of 10 and 1 mJ, respective- sured the rise time of the thermal grating by detecting the
K. focused on an area of about 0.01 cm-. In comparison to diffraction from the He-Ne laser. In general, the rise time is
these liquids, the higher efficiency of the nematic film due to on the order of the Nd:YAG pulse width Iz 20 ns), while the
its inherently higher dn /dTis already evident, decay time is on the order of 50-100ps, depending on var-

The thickness of the nematic film i z 50tim) means that ious parameters but mostly on the grating spacing. On the
higher resolution elements can be achieved. For the geome- other hand, the rise time associated with molecular reorien-
try depicted in Fig. 2)b. and using an analysis similar to tation is much slower. Under cw excitation, the rise time is
Martin and Hellwarth. the number of resolution elements, on the order of 102 ms. and becomes shorter at higher inci-
N. can be proven in a straightforward manner to be given by dent laser intensity (very similar to liquid crystal reorienta-

AK/i tion by dc field). The decay time is also on the order of 10'
I =- 4K 1 ms, and depends primarily on the grating constant and/or

in the small , limit ii.e.. 6-c 1). This differs from the "-folded- film thickness.

inoeth sd liMtin and Thisdiffrs fm the ode d- In conclusion, we have demonstrated the possibility of
geometry used by Martin and Hellwarth by the denomina- infrared to visible image conversion. Without optimization.
tor. where it is replaced by [1 - K 1/K 3]. Since gK 2K,, the the results are comparable to those achievable in much
difference between N here and N in Ref. l isa factor of 1/2 to thicker high thermal index liquids. We are currently investi-
3/2. i.e.. .V here is smaller thanNin Ref. I by a factor of 3. On gating the details of this process with respect to various pa-
the other hand, the thickness 1 in the present case (50 um) is
muchrameters, e.g., laser pulse length, absorption constants, ge-

ometry, etc., and will report the result in a longer article
ness. Using thinner cell for higher resolution element is, of elsewhere.
course obvious, but the important point here is that one can This research is supported by a grant from the National
get comparable diffraction efficiencies even with such thin Science Foundation ECS 8415387 and from the Air Force
films. The efficiency obtained here is by no means optimized. Office of Scientific Research under AFOSR 840375.
We have observed that the diffraction efficiency increased by
at least an order of magnitude by raising the temperature of
the sample to near T,_ 130 C.
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